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ABSTRACT

Microplastics generated from the breakdown of larger plastic pieces are the emerging contaminant
in aquatic ecosystems at high levels, due to inappropriate disposal or mismanagement. With a
particle size within 2-5 um, it has been reported that microplastics are extensive pollutants in water
bodies. However, with a wide variety of scientific articles recording the abundance of plastics in
the aquatic environment, there is a lack of studies examining microplastics removal. Although
multiple studies have used sedimentation and filtration as separation techniques to remove
microplastic particles, no study has been able to remove these pollutants without secondary water
pollution.

The focus of this study was to investigate the potential use of foam generated from rhamnolipids
biosurfactant to remove polyethylene and car tire residue microplastics. Rhamnolipids are a type
of biosurfactant that can mimic its chemical counterparts and display less toxicity, higher
biodegradability and higher frothing ability.

The research was divided in four stages. In the first stage, the ability of rhamnolipids for the
removal of polyethylene microplastic particles was assessed using a microplastic removal system.
Then, a two-level factorial Placket Burman design was used for the identification of key
parameters for the PE removal efficiency. The effects of rhamnolipids concentration, PE
concentration, time, air flow rate, NaCl concentration and system configuration on PE recovery
were investigated. The analysis carried out demonstrated the rhamnolipids’ potential as a foaming
agent and its ability to remove 92.42% of PE particles when the system operated for 40 min with
a rhamnolipid concentration of 5 g/L, a PE concentration of 0.5 g/L, air flow rate of 2 Lpm and
NaCl concentration of 0.5M as the medium. The ANOVA analysis identified the variables
rhamnolipid concentration and operating time, as critical parameters that influence the PE removal
efficiency.

In the second phase of the study, response surface methodology was used to investigate the effect
of the variables rhamnolipid concentration (X1), operating time (X2), PE microplastic size (Xs) and
PE concentration (X4) and their impact on PE removal. This evaluation found that the variables
operating time and its interactions with the rhamnolipid concentration and PE size parameters, can
significantly impact the removal of polyethylene powder at the 5% level. A least squares quadratic
fit that correlates the predictors and the response variable was created with an R? of 0.82.

Finally in the third stage of the study, the efficiency of rhamnolipids foam for the removal of car
tire residue was assessed. Response surface methodology was used to investigate the effect of the



variables rhamnolipid concentration (X1), operating time (X2,), Ctr size (X3) and Ctr concentration
(X4) and their impact on Ctr removal (). The analysis found that the predictors X1, X2 and X3
have a significant effect on the response variable with pvalues of less than 0.05. The interactions
X1X2, X1X3, X2X3, and the squared terms X12, X»? and X3 were also found to be significant. The
factor X1, had the strongest effect on Y with an estimated coefficient of 39.811 and a low p-value
of 1.5761e-06. A multiple regression that correlates the parameters and the response value was
developed with an R2 of 0.89.

Keywords: Microplastics, biosurfactants, foam, rhamnolipids



SUMMARY FOR LAY AUDIENCE

Microplastic particles are contaminants of emerging concern due to their recalcitrant nature and
their abundance in various environments. Although multiple research projects have focused on
reporting their occurrence in water bodies, to the best of our knowledge, no study has investigated
the potential use of biosurfactants to capture and remove microplastics.

The focus of this study was to investigate the potential use of foam-based rhamnolipids for the
removal of polyethylene and car tire waste microplastics. Rhamnolipids are a type of biosurfactant
that can mimic their counterparts in terms of biodegradability, low toxicity, and high foaming
ability. Moreover, previous research indicated the ability of rhamnolipids to remove several
contaminants from water. Since the ability of rhamnolipids to remove heavy compounds was
confirmed through several investigations, this study studied the microplastics removal efficiency
of rhamnolipids foam. This investigation is divided into six chapters. Chapter 1 presents an
introduction to the research and thesis structure; chapter 2 provides a literature review on
microplastics in the environment and biosurfactant production. Chapter 3 presents the results on
the first phase of experiments regarding the design of the microplastics removal unit and
assessment of the system for the removal of PE microplastics particles using rhamnolipids. Chapter
4 provides the results of the investigation of the PE removal efficiency using different PE sizes
and concentrations of rhamnolipids. Chapter 5 reports the results of the investigation of the Ctr
removal efficiency using rhamnolipids, and chapter 6 summarizes the conclusions of the study and
provides some recommendations for future work.
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CHAPTER 1

1. Introduction

1.1. Background

In 2018, the global production of plastics reached a total of 359 million tonnes with less than half
of it recycled or consigned to landfill [1]. Of the remaining 205 million tonnes, a portion of plastic
material is considered to still be in use, while the rest is thrown into the oceans. Due to the non-
biodegradable nature of plastics, this synthetic debris can affect the marine environment. Not only
plastic waste physically harms wildlife but it carries other toxic pollutants that contaminate water
bodies [2].

Microplastics generated from the breakdown of larger plastic pieces, are the emerging contaminant
in the aquatic ecosystems at high levels. With a particle size within 2-5 um, it has been reported
that microplastics are bioavailable throughout the food web [3]. Numerous researchers have found
that ingested and inhaled microplastics cause tissue and cell damage in animals [4]. On the other
hand, in patients with plastic implants disruption in the cellular processes has been reported, still
with a lack of studies in this field [5]. Even though, there is no evidence of plastic consumption,
with humans as top predators, there is high probability rate of human plastic ingestion [6].

In 2016, a study carried out by the scientist Dirk Zeller reported that by the year 2050, the number
of plastics in the ocean will be more than the number of fish. In other words, if the plastic
production keeps increasing and its poor disposal remains, plastics in the ocean will outweigh fish
in 2050. However, with a wide variety of articles recording the abundance of plastic in the aquatic
environment, there is no establish system capable of removing microplastics in water.

The purpose of this study is to investigate strategies to remove microplastics in water using
biosurfactant based foam. These strategies can be applied to be part of a water treatment plant for
human consumption. Foam production will be studied using a microbial surfactant that is less toxic
than its chemical counterparts and that can be recovered after the extraction process [7]. Hence,
during microplastics separation no other pollutant will be added to water bodies, which constitutes
an environmentally friendlier alternative [8].

Biosurfactants are compounds that exhibit surface and interfacial properties and they are
synthesized from various microorganisms such as yeast, fungi and bacteria [9]. Several studies
have been reported on their ability to mimic their chemical counterparts by displaying unique



properties including emulsification, solubilization, foam formation, low toxicity, high
biodegradability and higher environmental compatibility, among others [8], [10]. Their ability to
remove heavy metals have been used with a high efficiency [11]. Since biosurfactants can remove
heavy particles and have affinity for both hydrophilic and hydrophobic phases, it can be said they
are capable of potentially removing microplastic particles. The addition of a biosurfactant to water,
acts as a surface-active compound. Therefore, microbial surfactants change the surface layer
properties of water, creating the perfect environment for air bubbles to trap microplastic particles
and take them successfully to the surface.

1.2. Objectives

Towards the completion of this study, one overall objective and several sub-objectives were
proposed.

1.2.1. Overall objective

To investigate the potential of using foam generated from rhamnolipids’ biosurfactant to capture
and remove polyethylene and car tire residue microplastics.

1.2.2. Specific objectives

1. To investigate the use of foam generated from rhamnolipids to remove PE microplastic
particles in fresh and saltwater systems using foam-based rhamnolipids.

2. To study the removal of polyethylene of various sizes using rhamnolipids.

3. To evaluate the potential use of rhamnolipids to remove car tire residue microplastics.

1.3. Thesis Structure

The major findings of this study are organized into 6 chapters:
e Chapter 1: Presents an introduction to the research and thesis structure.

e Chapter 2: Provides a literature review on microplastics in the environment and
biosurfactant production.



e Chapter 3: Presents the results on the first phase of experiments regarding the design of the
microplastics removal unit and assessment of the system for the removal of PE
microplastics particles using rhamnolipids.

e Chapter 4: Provides the results of the investigation of the PE removal efficiency using
different PE sizes and concentrations of rhamnolipids.

e Chapter 5: Reports the results of the investigation of the Ctr removal efficiency using
rhamnolipids.

e Chapter 6: Summarizes the conclusions of the study and provides some recommendations
for future work.

1.4,  Mayor contributions

This study contributed to:

e Identify and describe challenging aspects of microplastics removal in water bodies and
biosurfactant potential to remove plastic particles in aqueous systems.

e Modulate the microplastics removal system in different water bodies by changing the
concentration of microplastics and biosurfactant in a water-polymer-biosurfactant system.
e Find optimal parameters that significantly affect the PE and Ctr removal efficiency when
using foam-based rhamnolipids.

e Test the feasibility of the application of rhamnolipids to remove different microplastic
particles in water.

e Conclude the efficiency of the process for microplastic extraction.



CHAPTER 2

2. Literature review

The objective of this chapter is to review the recent technical literature on microplastics removal
in water. It is apparent that the effectiveness of the removal of microplastics is strongly influenced
by the separation method and the plastic size. Thus, this literature review chapter considers the
effect of these variables.

2.1. Introduction

Plastics are materials made of semisynthetic or synthetic compounds which can be molded to form
very rigid or slightly elastic objects [12]. Plastics are typically organic polymers of high molecular
mass that often contain other substances [13]. Their chemical and physical properties of liquid
polymers are modified with additives and shaped to convert them into solids with dimensionally
stable forms [14].

Their chemical and physical properties include high versatility to be tailored to specific technical
needs, lower density than competing materials, excellent thermal and electrical insulation
properties, low cost and imperviousness to water and chemicals, temperature, and light resistance
[15]. These characteristics have led plastics to replace and displace a wide variety of materials
such as wood, paper, stone, leather, metal, glass and ceramic.

Currently, plastics are present in all aspect of daily life involving clothing, packaging materials,
transportation and telecommunications [13]. Hence, considering this versatility, it is not surprising
that the last detailed report on the annual global production of plastics, for 2022, showed it to
exceed 450 million tonnes [16].

Even though the benefits of plastics are undeniable, unsustainable use and disposal of plastics,
mainly in discardable form, is causing persistent environmental contamination, becoming a major
concern over the last few decades. [17]

Due to the rapid increase in the production and disposal of plastic, it is estimated that plastic waste
constitutes approximately 10% of the total municipal waste worldwide [1], [18]. Although a
fraction of plastic waste is recycled, end of life plastics accumulate in landfills, and natural habitats
where they may take a few hundred years to decompose [19]. Once released, it may be subjected
to degradation [20], which leads to fragmentation of larger materials into microplastics, defined as
plastic particles less than 5mm [21].

However, of special concern are plastics that enter the marine environment, which have been



calculated to be 10% of the total plastics produced worldwide [20]. This floating debris is
continuously mixed by the actions of wind and waves and becomes widely dispersed over huge
surface areas. The environmental impacts of these particles include entanglement, ingestion,
smothering, hangers-on, hitch-hiking and alien invasion, as these floating debris can constitute
new routes for invasive species [22].

The most common sources of microplastic contamination in the environment include microbeads
from personal care products, fibers from textiles and clothing like polyester, acrylic and nylon,
fragments from the breakdown of larger plastic products such as plastic packaging, bags and
bottles (polyethylene, polyethylene terephthalate) pellets from plastic production, paint particles
and fibers from artificial turf, and tire residue from vehicles [23] [24] [25] [26].

Polyethylene and car tire residue microplastics are widely considered to be good models for the
study of microplastics in aquatic environments, given their prevalence in water and their similar
physical and chemical properties to other types of microplastics. Polyethylene, for instance, is one
of the most widely used plastics, found in an wide variety of products from cosmetics to plastic
bags. Car tire residue, on the other hand, is a type of microplastic released into the environment
through tire wear abrasion [27] [28]. Both microplastics have been identified in water bodies,
including freshwater and marine environments, raising concern about their potential impact on
aquatic life and human health [29] [30], [31].

Some of the most common conventional methods for capturing and removing these microplastics
from water systems include filtration, sedimentation, and adsorption [32]. Filtration involves
passing water through a physical barrier or membrane that can trap microplastic particles [33].
Sedimentation allows microplastics to settle at the bottom of a water system naturally or following
the addition of coagulants. Adsorption entails using materials such as zeolites or activated carbon
to attract and bind the microplastic particles in water, making it easy to extract them [34]. Despite
their effectiveness, these methods have limitations. Filters may require frequent maintenance as
they could become clogged over time, and the adsorbent materials need to be replaced periodically
[35]. For this reason, there is a need to create new an environmentally friendly alternatives to
remove these plastic contaminants. It is important to find effective techniques that mitigate and
limit the presence of these microplastics in water systems.

2.2.  Fate of microplastics in the environment

Microplastics, defined as plastic particles usually with a size <5 mm, have become of increasing
concern due to their threat to environmental quality preservation and related issues. Even though
most studies agree on the previous size, other studies have considered microplastics as particles
that fall within other size ranges, including <1 mm, < 2 mm [36], 2e6 mm [37] and < 10 mm [38].
Fig 2.1 shows the fate and transport of microplastic particles in the aquatic environment [39].



Figure 2.1. Fate and transport of microplastics in the aquatic environment [39]

2.3. Microplastics classification

According to multiple studies, microplastics can be classified depending on their actual source, as
primary and secondary microplastics.

2.3.1. Primary Microplastics

Primary microplastics are manufactured to be of a microscopic size, and they can be typically
found in cosmetics, household items, air-blasting media, personal hygiene products, such as,
toothpaste and exfoliating creams, among others [40]. For example, it has been estimated that
approximately 6% of the liquid skin-cleaning products sold in the European Union, Switzerland
and Norway contain microplastics, of which over 93% consist of polyethylene (PE) [41]. After
use, microplastics present in such products are frequently disposed of and can reach the
environment through wastewater collection and treatment systems [42]. Another key source of
primary microplastics is the raw materials used in the fabrication of plastic products. Accidental
loss, inadequate handling, run-off from processing facilities, and residues from the manufacturing
of plastic materials can also accumulate in the environment [36],[43].

2.3.2. Secondary Microplastics

Secondary microplastics, described as small plastic fragments, result from the breakdown of larger
plastic particles. When exposed to the elements, the physical, biological, and chemical processes



to which these polymeric particles are subject to, can culminate in the reduction of the structural
integrity of plastic debris, leading to their fragmentation. This fragmentation, however, can also
occur before the plastics enter the environment, as is the case of synthetic fibers released during
the washing of clothes [19]. The main sources of secondary microplastics are plastic material
present in organic waste, fibers released from hygiene products, paints containing polymers and
fibers released from synthetic textiles [44] [45].

2.3.3. Microplastics abundance

Determining the abundance of microplastics in the environment is a challenge due to their small
size. Moreover, the vast array of ways through which these materials enter the environment, make
their accurate quantification rather difficult. These constraints are further exacerbated by the lack
of standardized methods in sampling, unit normalization and data expression, as well as a unified
definition and characterization of microplastics [43].

As an artificial product, plastic sources are mostly inland. Although current wastewater treatment
mechanical processes have shown considerable efficiency in the removal of microplastics, this
greatly depends not only on the types of treatments used in wastewater treatment plants, but also
on the nature of the materials present and their load [1]. It is generally assumed that, due to the
low density of the majority of plastic materials, a significant proportion of these end up in the
oceans. However, this may not necessarily be true, as, owing to phenomena such as hetero-
aggregation with other detritus and suspended solids, these materials may be subject to settling in
riverbeds, an assumption that has been substantiated by recent findings detailing such phenomena
[47].

Driven by winds and ocean currents, plastic debris can be transported across vast distances and
these materials can be found throughout the oceans, including the North and South Poles, remote
islands and the deep ocean. Consequently, plastic litter is hence capable of permeating marine
ecosystems worldwide. Circulation models suggest that all five subtropical gyres, constitute zones
of accumulation for these debris [48]. These large-scale vortices act as ‘conveyor belts’, and,
sustained by what are known as Ekman currents, collect the floating plastic debris released, which
is subsequently accumulated into central convergence zones [49]. Despite the tremendous
complexity of these distribution dynamics, direct measurements of microplastics in the surface
have corroborated these models [50].

2.3.4. Degradation

Once in the environment, microplastics can undergo degradation through abiotic or biotic
processes, which may act either simultaneously or sequentially. However, these mechanisms do



not depend on the environmental settings alone, but also on the physical and chemical
characteristics of the polymeric materials [51]. This may also affect the degree to which
microorganisms may attach and form biofilms over the surface of the microplastics, which, in turn,
may influence the rate of the biotic degradation processes [51]. Both abiotic and biological
degradation mechanisms may also be influenced by the complexity of the composition and
polymeric structure of these materials. One study found that plastics with regular and short
repeating units with high symmetries, such as Polypropylene (PP), Polyethylene (PE) and
polyethylene terephthalate (PET), often limit the accessibility of enzymes and are therefore less
susceptible to the action of these biomolecules. Hence, different blends of plastic materials have
been described as exhibiting different sensitivities to ultraviolet (UV)-mediated degradation [52].

2.3.4.1.  Abiotic Degradation

When exposed to the weathering elements, plastics undergo mechanical disintegration, and
experience multiple cycles, pressure changes, water turbulence and damage caused by animals.
This mechanical breakdown, nonetheless, differs from degradation, as the molecular bonds do not
change, and the materials simply endure morphological modifications.

Photodegradation is generally considered to be the most efficient abiotic degradation route
occurring in the environment. Plastics exposed to both visible (400e700nm) and high- energy UV
radiation (290e400nm) can absorb such radiation, leading to a higher reactivity of their electrons,
inducing oxidation and cleavage, degradation processes that are mediated, mostly, by chain
scission and cross-linking reactions [52] [53].

Thermal degradation of plastics causes bond scissions of the main polymeric chain, leading to
changes in the properties of the material, including alterations in tensile strength, molecular
weight, crystallinity and even colour [54]. However, the high temperatures required for these
modifications are hardly observed where microplastics occur in the environment [55].
Nonetheless, the thermal treatment of polymers may be environmentally relevant, as samples of
PP subjected to thermal pretreatment have been demonstrated to be more susceptible to
biodegradation when compared to none-pretreated samples by a factor of 25 [56].

Oxidation is also an important mechanism of plastic degradation in the environment. This process
can be either thermal- or photoinduced and derives from the introduction of oxygen into the
polymer matrix [57]. This, in turn, leads to the formation of carbonyl (CO) and hydroxyl (OH)
functional groups, which contribute to subsequent biotic degradation routes [58]. The presence of
ozone (O3) in the atmosphere, even in small concentrations, accelerates the ageing process of

plastics, as this powerful oxidant attacks covalent bonds, yielding cross- linking reactions and/or
chain scissions leading to the production of free radicals [16].



Plastics can also undergo degradation through hydrolytic degradation. This process, however, is
directly dependent of the presence of covalent bonds prone to hydrolysis, such as those found in
ester and ether groups [52]. This results in the breaking of the length of the polymeric chain and,
concomitantly, the molecular weight distribution, hence affecting properties such as material
strength [52].

In the benthic zone, where the temperatures are low and the rates of sunlight penetration and
oxidation-mediated mechanisms are minimal, abiotic degradation processes are negligible [59].
However, the continuous agitation and attrition with sediments constantly yields smaller particles
that accumulate on the seabed, thus yielding an enduring source of environmental exposure [60].
Furthermore, a study highlighted that the existing high pressures found in these areas possibly
contribute to the degradation of these materials, though such assertions require further
confirmation [61].

2.34.2. Biodegradation

Biological degradation of plastics usually benefits from the abiotic degradation processes to which
these materials are previously subject to, as the mechanical and structural changes resulting from
such processes yield larger surface areas, more amenable to microbial colonization. Usually, the
biological degradation of plastics initiates outside the cells, as secreted enzymes cleave the
polymer chains by hydrolytic processes [51]. These mechanisms take place both in aquatic
environment and in soils, and they are further enhanced by the formation of smaller, utilizable
groups in the polymer chain. As the molecular weight of the polymers is gradually reduced, cross-
linking reactions, enhanced by the increasing presence of water and oxygen, lead to the continuing
loss of the polymeric structure and result in the presence of molecules that are increasingly subject
to microbial action [61]. Ultimately, these reactions yield water-soluble oligomers and monomers,
which then enter the mineralization process. These compounds can be transported through the
semipermeable outer membrane of microorganisms and are assimilated as a carbon or nitrogen
source through the appropriate metabolic pathway [62]. Although not complete, some materials
can exhibit considerable rates of bioassimilation: PE, for example, has been demonstrated to be at
least 60% assimilated after 180 days under composting conditions [63].

In oceans, at the benthic level, the rate of biodegradation is negligible, due to the reduced density
of microbial communities in these environments. In less deep waters, though, the existing diverse
microbial communities of autotrophs, heterotrophs and symbionts play an active role in the
biodegradation of plastics, and, in fact, such communities have been found at the surface of plastic
marine debris.



2.3.4.3.  Bioassimilation

Bioassimilation is a complex process by which microorganisms utilize plastic materials as a carbon
source for energy and growth [64]. This process involves the enzymatic breakdown of plastic
polymers into smaller fragments or monomers, which can then be metabolized and assimilated by
the microorganisms [65].

The microorganisms synthesise plastic-degrading enzymes that act on the plastic surface, breaking
the polymer chains into smaller units, such as oligomers or monomers [66] . These enzymes can
break down various types of plastics, including polyethylene (PE), polypropylene (PP),
polyethylene terephthalate (PET), and polystyrene (PS), among others. The initial step of
bioassimilation involves the attachment of microorganisms to the plastic surface. This can occur
through physical adhesion or through the secretion of adhesive substances [67]. Once the plastic
is degraded, the microorganisms can uptake the resulting breakdown products through various
transport mechanisms and further metabolize them to produce energy, grow and carry out other
metabolic activities [68].

2.4. Behavior and effects of microplastics

Laboratorial experiments have demonstrated that these polymers are ingested by cnidarians,
rotifers, ciliates, annelids, copepods, mysids, cladocerans, amphipods, euphausiids, mussels,
barnacles, tunicates, birds and fish [1] [37]. In fact, an interesting study in the early 1990s pointed
to the preferential ingestion of yellow and tan particles by marine organisms, possibly because
these particles were mistaken for prey items [69]. Direct effects of the ingestion of (micro) plastics
include obstruction of the digestive tract and internal injury, causing reduced food consumption,
decreased nutrition and, eventually, starvation and death [43]. Fig 2.2 shows a photograph of
plastic debris found in the stomach of a fish in Portugal [70].

Figure 2.2. Photograph of plastic debris discovered in a fish’s stomach. Photograph taken by Paulo Oliveira in
Portugal [70]
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Ingestion of microplastics in the terrestrial environment can occur, although works focusing on the
fate and behaviour of microplastics in terrestrial settings are very limited and the direct and
quantitative evidence of these materials in soils is, at best, scarce. Nevertheless, livestock have
been described to ingest plastic particles, namely, sheep and goats [71], and, despite no specific
effects were evaluated, the authors postulated that these animals could suffer from nutritional
deficiencies.

Plastic materials, however, do not represent a threat to the environment solely in isolation, i.e., by
themselves. Although plastics are, in essence, biochemically inert, most of these now include
additives, usually of small molecular size, which are not chemically bound to the polymer.
Polymerization reactions during plastic production are also incomplete, and unreacted residual
monomers, solvents and additives can migrate away from the synthetic matrix. Therefore, they are
able to leach from the plastic materials [72]. A vast majority of these frequently used additives are
lipophilic, making them suitable for penetrating cell membranes and to subsequently participate in
biochemical reactions, yielding not only severe behavioural effects, but also having reproductive
consequences.

Polyvinyl chloride (PVC), polystyrene (PS) and polycarbonate (PC) have all been demonstrated
to release toxic monomers associated with the development of reproductive abnormalities and
cancer in invertebrates, but also in rodents and humans [46]. Additives used in the manufacture of
plastics have also been proven to leach from plastics and ingested by marine organisms [36].
Moreover, plastics collected in aquatic environments have been shown to also contain other
contaminants, including organic chemicals that were found to have been adsorbed from the
ambient surroundings.

2.5. Sampling and detection

Due to their small size, there are intrinsic difficulties in the collection, handling, sampling, and
identification from environmental samples. Microplastic research suffers from insufficient
consistent data, which may be, in part, attributable to the current lack of standard operating
protocols for sampling and detection [73].

Sampling and detection of microplastics in water samples, mainly involves net mesh of different
sizes and filtration to separate these materials. The pore size of the mesh depends on the size
distribution and volume of the sample collected. Sampling methods are classified in three
categories [74] [75] for floating microplastics:

1. Selective sampling:  material collection is in situ and the samples are directly extracted
as they are recognizable to the human eye. This method is mostly suitable for macroplastics
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due to their size and volume. However, incorrect spotting when plastic is mixed with other
rubbish can lead to a significant human error [76].

2. Bulk sampling: it is a non-volume-reduce collection technique. Mostly applicable
when plastic is mixed with other materials at the sampling site and filtration is not feasible
[74].

3. Volume-reduced sampling: this method reduces the initial volume of the sample,
preserving the fraction used for further analysis [77]. This method is mainly used for water
sampling, followed by filtration through nets, commonly outside of the sampling site [76].

2.6. Sample contamination and quality control

There are clear difficulties associated to the reproducibility and comparability of data on
microplastic concentrations in water [73]. Reliability in experimental data is essential to obtain
valid and comparable data on the concentration, particle size and polymer type across the
environment. Thus, with the increasing occurrence of microplastic waste in water bodies, the need
of standardized methodologies when sampling and detecting is crucial. Moreover, defined
protocols of analytical methods will lead to an effective technique validation and quality control.

Prior to the identification of samples, potential sources of cross-contamination need to be
considered. Contamination of microplastics samples may occur due to insufficient isolation or
scarce air quality. The use of cotton-protective equipment (gloves and lab coat) is employed to
avoid synthetic fibers coming into the samples. Metal or glass laboratory wear is recommended
for satisfactory sample storage instead of plastic wear. Other scenarios of contamination can be
unsealed containers with samples, paint particles broken off from the side of the vessel by
samplers, or particles of synthetic nets used for water sampling [78].

Proper sample control includes validation trials and blank samples for contamination monitoring
[79]. Inadequate sample monitoring could result in underestimation or overestimation of
microplastics pieces. When working with microplastics, it is highly recommended to perform
experimental procedures in the shortest time lapse to reduce the risk of impurities [80].

2.7.  Microplastics separation methods
Microplastic pieces must be isolated from water prior to their quantification and characterization.

The separation process includes a reduction of the sample volume to allow the concentration of
plastics followed by density separation, filtration, and sieving.
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2.7.1. Density separation

This method uses density differences to separate microplastics from heavier materials present in
the sample. The specific density of most plastics ranges from 0.8 to 2.3 g/cm?® and generally, the
density of sand and other deposits is 2.65 g/cm? [78]. Separation occurs by placing the sample in
a solution saturated with salt and mixing it for a certain period of time. After mixing, the heavier
materials settle out, while the less dense particles remain suspended at the surface of the solution
where they will be collected for further processing [81]. Density separation is preferred 65% of
the times by researchers studying the recovery of microplastics from sediments [82]. A list of the
most common separating solutions for microplastics recovery and their respective density is shown
in Table 2.1.

Table 2.1. The density of the most common separating solutions for microplastic recovery by density separation [1]

Solution Density (g/cm?®)
Deionized water 1
Sodium Chloride 1.2

Sodium tungstate dihydrate 1.4
Potassium formate 1.57
Zinc Chloride 291
Sodium lodide 1.566

The density separation technique is normally carried out with a NaCl-based separating solution.
Within the advantages of using NaCl are: cost efficiency, availability and no toxicity.
Microplastics separation through this method is adequate only to plastics with lower density to
enhance material flotation. Some of the plastic types able to be separated by density are
polypropylene (PP), polystyrene (PS), PE, and polyamide. However, more dense plastics cannot
be recovered such as polyvinyl chloride (PVVC) and polyethylene terephthalate (PET) which make
up 17% of global plastic demand.

Even though flotation can accomplish effective separation in the millimeter size range, is seldom
used for plastic particles that are too small. Furthermore, flotation is incompatible with the smallest
size fractions of plastic since the buoyant force is low and surface fouling can significantly change
the particle density. Another concern is that the attachment of bubbles to non-plastic particles can
carry denser particles to the air—liquid interface [81].

2.7.2. Filtration

Vacuum filtration is commonly performed to microplastic samples at the density separation stage.
Paper, fiber-glass, silicone, and polycarbonate membranes are the most frequent materials
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employed during filtration. The pore size is always adjusted to retain microplastics of a desired
size and it can vary from 1 to 1.6 um. However, filter obstruction regularly caused by organic
matter represents a challenge. In water, the reduction step usually is related to sample collection
(e.g. manta nets) followed by filtration or sieving with pore or mesh sizes varying from 0.45 to
55500 mm.

Filtration is also used to isolate microplastics from bulk water samples. In this case, filters up to
15 cm in diameter and with a pore size of up to 47 um are used. It is possible to collect microplastic
particles from the surface of the solution with tweezers. For separation of large particles, samples
before filtration can be passed through a sieve with a mesh size of 500 um [20]. An important point
is the process of moving the float- ing particles from the surface of the solution to the fil- ters and
sieves. To prevent any loss of analyte associated with the adherence of particles to the walls of the
laboratory ware, it is recommended to sequentially wash the walls of glassware directly on the
filter [76].

2.7.3. Sieving

Microplastics can be isolated from samples by sieving the latter through sieves with different mesh
sizes. The material on the sieves is further sorted, and the remainder that has passed through the
sieve is dis- carded. The use of sieves with meshes of various sizes makes it possible to separate
microplastic particles into several size groups. A cascade of several sieves (one to six) with sizes
of 0.038 to 4.75 mm is usually used. The sieve material is usually stainless steel or copper. Filters
and sieved material is dried at room temperature or in desiccators. The temperature in the
desiccators varies greatly in different methods (from 60 to 90°C), but the standard [24] sets the
conditions for preparing plastic samples before testing and recommends not to exceed the
temperature of 50 + 2°C, with a drying time of 24 h with subsequent bringing the temperature to
normal conditions in a desiccator. This is established to prevent changes in the composition and
physicochemical properties of the plastics.

The most common separation techniques previously discussed have their distinctive challenges.
Moreover, to achieve an efficient recovery, they frequently add other pollutants that contaminate
the water. This project aims to study an environmentally friendly approach to separate
microplastics from water using biosurfactants.

2.8. Biosurfactants

Surfactants are surface-active compounds able to modify the interface between several phases.
Their properties on the interface are due to their ability to orient themselves depending of the
polarities of the phases. The lyophilic group (polar) in the molecule is oriented towards the
hydrophilic (more polar) phase [83]. Between two liquids or a solid and a liquid; surfactant
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molecules will migrate and orientate to reduce the interaction of their hydrophobic groups and
water [83]. Likewise, the aggregation or micellization process is given when micelles of surfactant
with polar head orient towards the polar phase. Micelles are formed at a very low concentration
known as the critical micelle concentration (CMC).

2.8.1. Properties

Due to their capacity to mimic their synthetic counterparts, biosurfactants represent high-quality
alternatives for chemical surfactants used in a wide variety of industries. Some of the advantages
they exhibit over other surfactants are lower toxicity, biodegradability, environmental
compatibility, greater surface activity and sustainability [84]. They are active at extensive
environmental conditions, resistant to extreme temperatures, salinity and pH as well, and can be
produced by renewable sources such as agricultural waste or microbial fermentation [85].

Even though, the cost of producing biosurfactants is significantly higher, they display no additional
cost required for their disposal [13]. Currently, biosurfactants are produced in the small-scale, with
rhamnolipids, surfactin, emulsan and phospholipids being the main types produced. The basic
characteristics of some of the most common biosurfactants are shown in Table 2.2.

Table 2.2. Characterization of the most common biosurfactants including their surface tension (ST), critical micelle
concentration (CMC) and Emulsification index (E24)

Biosurfactant ST (mN/m) CMC (mg/L) E24 (%) Reference

Rhamnolipids 28.3-30.6 1-400 26.1-98.7 [29][301[31][32][33]

Sophorolipids 27.2-48 48.76-90.6 71.2 [34]
Surfactin 22-41 10-50 98 [35][36][261[37]
Emulsan 32-56.4 80 66 [38]

Comparing the above biosurfactants, surfactin and rhamnolipids are the most effective
biosurfactants, as both can reach a 98% emulsification index with the lowest surface tension (ST).
Also, the low CMC shows that less quantity of biosurfactant will be needed to produce the
emulsion. Therefore, both are good options regarding yield and efficiency.

As shown in the Table 2.2, rhamnolipids can have numerous property variations, for example, the
large range of CMC and E24 data. This behavior occurs due to their different types that can be
diverse in structure and microbial sources. Hence, their effectiveness for different industrial
application can be also affected [63][64].

Rhamnolipids are extensively studied glycolipids that consist of one (mono) or two (di) rhamnose
groups, associated with one or two fatty acids alkyl chain [86] [87] [88]. Mono-rhamnolipids and
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di-rhamnolipids, differ in physiochemical properties. Compared with mono-rhamnolipids, di-
rhamnolipids demonstrate advanced surface-activity properties, higher hydrophilic—lipophilic-
balance value (HLB) [89] and higher efficiency in enhancing inhibition of the proliferation of
human breast cancer cells [90].

Rhamnolipids constitute one of the most produced biosurfactants in the market [91] [92]. They are
produced by several Pseudomonas species [93] [94] and Burkholderia genera. However,
Pseudomonas aeruginosa represents the top rhamnolipids producer with titers over 100 g/L
obtained mainly by the process of fermentation [17]. Rhamnolipids can be produced in a well-
defined manner by controlling conditions such as fermentation conditions, substrate used and the
microbial strain. Under the right pH conditions, the hydrophilic head has a carboxylic acid group
which provides the rhamnolipid an anionic character. They have a polar and a non-polar region in
the same molecule making them surface active [95].

2.8.2. Biosurfactant Structure

The so-called biosurfactant precursors like fatty acids, fatty alcohols, sugars, glycerides, and
phospholipids are not the subject of this chapter as are glycolipids and amino acid containing lipids
with small and great quantities of amino acids [84]. Also lipopolysaccharides and lipoteichoic
acids are excluded [96]. Fig 2.3 illustrated the chemical structure of some commonly used
biosurfactants.

o
2 i - ° 0‘ /Ii‘;OH\/V\
‘ HAC o, © CH,
0,
o 3
HyC T CH. " O/ >\
/ \ o CHy
HO >\ Ho
\H (o] CH,

TN

OH

"N /
)\ HO OH
£ o o

o OoH
CH,0R4
c Y\HN d o
NH o, |
Y, NH O——CH
CH,0R; OH |
o (CHa)n
? © o oH ‘
HN o COOH
p\ i ’
NH NH OH
o
- HN\/J\
e - o)
HO\[H Y

T

OH
(e}

(o)

Figure 2.3. Chemical structure of mainly used biosurfactants. (a) Mono-rhamnolipid; (b) Di-rhamnolipid; (c)
Surfactin and (d) Sophorolipid.
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When a pure glycolipid has been obtained, proved by thin-layer chromatography, and followed by
detection with sugar-and lipid specific reagents, the substance is hydrolyzed under alkaline and
acidic conditions.

The structure of monosaccharide or disaccharide can be determined by comparison with authentic
samples using thin-layer, gas, and high-pressure liquid chromatography or by enzymatic proof.
For the structure elucidation of the fatty acid, the combination of H-, C-NMR, and gas
chromatography/mass spectroscopy is very helpful.

The location of the acyl groups on the sugar molecule is a problem that can be attacked in different
ways. One way is the irreversible blocking of the free hydroxyl groups of the sugar moiety by
methylation. then permethylated glycolipid is hydrolyzed in acidic medium, giving poly-O-methyl
monosaccharide [97]. The places where the fatty acids were linked to the sugar moiety in the initial
glycolipid are pointed out by the alcohol groups that remain free in the methylated sudar. Another
way begins with the reversible protection of the free hydroxyl groups by acetylation and continues
with deacylation of the ester groups in alkaline medium [98]. After methylation of these few
hydroxyl groups the other hydroxyl groups that had been protected by acetylation were liberated
by acid hydrolysis [97].

When alkaline saponification of a natural glycolipid results in a fatty acid and a new, more
hydrophilic glycolipid, this fact points to an ester bond and a O-glycosidic bond between a sugar
and a hydroxyl group of a lipid moiety, respectively[99]. After application of specific chemical or
spectroscopic methods mentioned above, the lipid moiety can be separated by acidic hydrolysis
and further converted with chromic acid to a fatty acid the chain length of which is reduced in
comparison to the original [11].

Lipopeptides were treated first with HCI leading to a mixture of amino acids and of fatty acids.
The amino acid sequence was determined using the method of Edman by using trifluoroacetic acid
in hydrolysis and analyzing the amino acids in peptides remaining after hydrolysis [97]. The
optical configuration was investigated enzymatically also using D-amino acid oxidase by
comparing the amino acid composition of hydrolyzates of peptide fragments before and after the
enzyme action. The fatty acid structure studied by H-NMR and mass spectroscopy [85]. That the
fatty acid was bound to the amide group of glutamic acid was confirmed by isolation of dimethyl-
N-acyl glutamate as a methanolysis product of surfactin [99].

There are several surfactants and different microorganisms that produce them. However, the best

known and chemically characterized biosurfactants molecules are: rhamnolipids synthesized
through convergence of the biosynthesis of rhamnose, cellobiolipids synthesized by Ustilago

17



maydis, trehalose lipids synthesized by Rhodococcus sp, sophorolipids synthesized by
Cobacterium sp, and mannosylerythriol lipids synthetisized by Pseudozyma antarctica. [100]

Moreover, biosurfactants constituted by polysaccharides bound to proteins are called polymeric
biosurfactants. They are also known as bioemulsifiers and include liposan, mannan lipid protein,
emulsan and biodispersan [84].

2.8.3. Industrial applications

Currently, biosurfactants are frequently used in industries such as agriculture, wastewater,
bioremediation, oil recovery, textile, food, cosmetics, pharmaceutical [101].

2.8.3.1. Environmental

2.8.3.1.1. Bioremediation

Different kinds of biosurfactants have a potential use in environmental factors such water, soil and
bioremediation because of its high emulsifying property, forming efficiency, surface active
properties, biodegradability and non- toxicity nature [102].

Study showed that biosurfactants played a major role in bioremediation for oil spills by distributing
hydrophobic oil toxins in the aqueous phase and controlling the biodegradation rate for those
hydrophobic compounds by increasing their bioavailability [103]. The living microorganisms are
boosted by the biosurfactants, increasing the hydrophobic nature of the cell membrane and change
in membrane permeability, which increases the intake of hydrocarbon compounds and utilizing
those compounds, thus resulting in biodegradation of hydrocarbon compounds [103].

2.8.3.1.2. Oil spill

Oil spills are considered as major disasters where petroleum hydrocarbons are accidentally
discharged into the environments especially the marine environment [104]. Biosurfactants are
capable of emulsifying hydrocarbons that can further dissolve in water [105]. Emulsan and alasan
are examples of bioemulsifiers that are produced from Acinetobacter spp. used for microbial
enhanced oil recovery. The bioemulsifier emulsan can degrade substances that are poorly soluble
in water by coating those substrates [106]. Since there are equal ratios of pure and mixed forms of
aliphatic and aromatic hydrocarbons, emulsan can emulsify mixtures of aliphatic and aromatic
hydrocarbons and not the pure form of aliphatic and aromatic hydrocarbons [106].
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2.8.3.1.3. Heavy metal removal

Heavy metals due to their low bioavailability, carcinogenic nature, teratogenic nature are
considered harmful for humans [107]. Smelting, volcanic activities, mining, forest fires, ore
processing, automotive exhausts, electroplating, leather tanning, weathering of minerals are some
of the ways through which soil contamination can take place with heavy metals [107].

Bacteria called rhizobacteria produce biosurfactants that weaken the strong bonds of metal and
soil and encourages desorption, or reduction of interfacial tension, via the solid-solution interface
that permits biosurfactants to take in metal in solid solution [107]. The feasibility of metal removal
with the help of biosurfactant because of its anionic character has led to many research studies
[108]. For instance, heavy metals like lead and cadmium can be removed with biosurfactants
produced from pseudomonas aeruginosa. Rhamnolipids produced from pseudomonas aeruginosa
can decrease toxicity and allow microbial activity to keep up the soil quality [108].

The interaction between biosurfactants and heavy metals in the soil is carried out by van der Waals
forces and an electrostatic interaction where ion exchange, precipitation-dissolution, ion binding
also tend to occur [107]. Some other interactions that take place between the heavy metals and
biosurfactant are precipitation-dissolution, ion exchange, and counter ion bonding [107].
Biosurfactants form a complex with heavy metals that can reduce the solution phase activity and
encourages desorption of metals [107].

3.2.1.1. Medical and pharmaceutical industry

3.2.1.1.1. Anti-adhesive activity

Microorganisms group especially bacteria cells, stick to form bio-film and this phenomenon is
commonly known as a microbial biofilm [109]. Biofilms are formed by the process of adhesion
[110]. The two-step procedure for any pathogenic bacteria begins with the attachment to the
surface to form biofilm is that the bacteria form a weak physiochemical bond to the surface by
acting like an inert colloidal particle followed by constructing an electrostatic repulsion within the
surface of the biofilm using the flagella or pili which is highly hydrophobic in nature when
compared with the cell wall of bacteria which results in the displacement of water due to its
hydrophobic nature [111]. Microbial surface charge and adhesion can be stopped with
biosurfactants [112]. As biosurfactants have the capability forming micelles consisting of
hydrophilic head and a hydrophobic tail, biosurfactants can attach to the hydrophobic surface of
the bacterial biofilm lowering the strength of hydrophobic interaction thus making them less
adhesive [111].

Biosurfactants that are produced from the species Bacillus, Pediococcus acidilactici, Lactobacillus

plantarum have anti-adhesive, anti-microbial, anti-fungal, anti-bacterial and anti-oxidant
capabilities [112] [113] [109]. Study showed that the anti-microbial activity of a biosurfactant
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against bacteria Staphylococcus aureus was high [113]. Pediococcus
acidilactici and Lactobacillus plantarum are the two kinds of bacteria that produce biosurfactant
that possess an anti-adhesive property [113]. The concentration of the biosurfactant plays a major
role as biosurfactants exhibit antibiofilm opposing pathogens nonetheless, the spectrum was
different for different microorganisms [109].

3.2.1.1.1. Drug delivery

Various diseases can be treated with the discovery of new medicines and their drug delivery system
[114]. Increase bioavailability of drug and the ability for it to reach the specific target and releasing
the drug in a controlled environment are most important characteristics of a drug delivery system
and this can be achieved by introducing a pharmaceutical carrier like polymeric particulate,
macromolecular and cellular carrier [114]. Currently, there is research going on microemulsions
for drug delivery system for different routes like transdermal, nasal, intravenous ocular, etc. [8].
With the introduction of this new system there is the need of more care required for the formulation
of self-microemulsifing drug delivery system since microemulsions systems are
thermodynamically stable [114].

3.2.1.1.2. Cosmetics

Glycolipids can be used as an additive in the cosmetic industry as a moisturizer that can keep the
outer layer of the skin softer [115]. Water content of the skin is increased and can retain skin and
hair properties [115]. Pseudozyma species produce a glycolipid called mannosylerythritol lipid
that is a current trend in the cosmetic industry [107]. In contrast to sodium dodecyl sulfate,
mannosylerthritol lipids could recover feasibility of cells [107]. Other cosmetic formulation where
rhamnolipids and mannosylerythriol lipids are used is antacids, insect repellants, anti-dandruff,
contact lens solution, toothpastes, deodrants, etc [107]. Sophorolipid is converted to glycolipid
ester and has potential in cosmetic composition [115]. Sophorolipids are commonly used in lip
cream, eye shadows, anti-radical, anti-elastic properties [116] [115]. They are also used in collagen
neosynthesis and increase the stimulation of dermal fibroblast metabolism [115].

Most commonly used chemical surfactant in cosmetics is polyethylene glycol ester and can have
many harmful effects such as skin irritation, allergies and environmental contamination [101].
Therefore, based on their properties like Hydrophile-lipophile balance (HLB) value, CMC, ionic
nature biosurfactants can be formulated in cosmetics [101]. Biosurfactants like rhamnolipids,
sophorolipids, surfactins, MELs can replace chemical surfactants because they serve in product
formulations such as moisturizers, restoring an important protein called collagen and improving
elastin content in the skin. Other formulations as toothpaste, anti-aging, deodorants, lipsticks, acne
treatment, de-pigmenting agents, and nail treatments. On the other hand, saponins have shown a
potential application in shampoos because of their physiochemical properties like foaming,
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solubilization, and emulsification and biological properties like anti-inflammatory, antimicrobial,
anti-tumor, analgesic, anti-diabetic and anti- obesity [101].

3.2.1.1.3. Nanoparticle drug carrier

Researchers are working on finding new methods to efficiently deliver drugs to a specific target
and hence nanoparticles of the biopolymer emulsan have been used as a drug carrier [117]. Studies
show that nanoparticle drug carrier that consists of emulsan shell with a hydrophobic oil core into
which a specific drug called pheophorbide was loaded and the uptake of nanoparticle resulted in
faster drug delivery and killed the tumor cells after laser irradiation [117].

2.9. Conclusion

Microplastics define as plastic pieces smaller than 5mm long, are a matter of emerging concern
due to their impact and abundance in the environment. Although multiple research studies have
reported their occurrence, the investigation and development of efficient microplastic removal
techniques is still lacking.

Biosurfactants are of significant interest for their high-quality functions such as non-toxic to the
environment, highly biodegradable and having to serve the purpose of reducing surface tension,
low CMC value, properties like adaptability at extreme temperature and pH, and many more.
Currently, rhamnolipids and surfactin are considered the powerful biosurfactants used. Hence
numerous industries like oil and gas, pharmaceutical, cosmetic, environmental, agricultural, etc.
are starting to explore and incorporate biosurfactants in their processes as a replacement for their
chemical counterparts. Biosurfactants are mainly effective in bioremediation of oil spills at a small
scale, as well as the removal of heavy metal from soils. Due to their wide variety of applications
and properties, one can say that these molecules could potentially be used to capture and remove
polymer particles.
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CHAPTER 3

3. Investigation of polyethylene microplastic removal with rhamnolipid
biosurfactants using response surface methodology

3.1. Introduction

Microplastics generated from the breakdown of larger plastic pieces, are an emerging contaminant
in marine ecosystems and freshwater. With a particle size of less than 5 mm [118], microplastics
pose problems in the aquatic environment based on their presence in various environments [119]
[120], their non-biodegradable nature [121] [122], and their ingestion by a variety of marine
organisms [123] [124]. In addition to the physical effects after ingestion, microplastics can
potentially carry other toxic pollutants [2] such as plasticizers and organic contaminants that harm
wildlife once they are released [125].

Since microplastics are abundant in surface waters where plankton are found, they can potentially
be bioavailable through the food web. Even though, there is no evidence of plastic consumption,
with humans as top predators, there is high probability rate of human plastic intake [6]. While
conventional wastewater treatment techniques such as sedimentation and filtration have shown an
ability to remove a portion of microplastics [126], it is estimated that between 3 and 23 billions of
microplastic particles smaller than 300 um are still released into rivers, lakes and the ocean [127].
Other techniques such as electrocoagulation and biological degradation, have shown to be an
effective solution in microplastic separation [128] [129]. However, they may not be the best option
for removing microplastics from water due to their limited effectiveness and potential drawbacks
[130] [131].

Some potential approaches include the use of biosurfactants as foaming agents in the removal of
mineral compounds [85] [132] and in the degradation of microplastics [133], [134]. Since
biosurfactants can remove heavy particles and have affinity for both hydrophilic and hydrophobic
phases, one can say they are capable of potentially removing microplastic particles [135].
Microbial surfactants have the capacity of changing the surface layer properties of water, creating
a suitable environment for air bubbles to trap microplastic particles and take them successfully to
the surface [136]. However, to the best of our knowledge, no study has evaluated the potential role
of biosurfactant based-foam for microplastic separation.
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The purpose of this study was to investigate the removal of microplastics in water using
rhamnolipid biosurfactant as a foaming agent. Polyethylene particles of size 40-48 um were used
as a model for microplastics in the study due to their common use in the industry and occurrence
in water [137]. Response surface methodology was adopted to study the effect of six operating
variables, namely rhamnolipid concentration, PE concentration, operating time, air flow rate, NaCl
concentration and system configuration, and their impact on the PE removal efficiency of a
microplastic removal system. The experimental runs were performed using a two-level factorial
Placket Burman design for the identification of key factors in PE removal. Bubble size analysis of
rhamnolipids foam through image processing was conducted.

3.2. Materials and methods

Rhamnolipid biosurfactant purified from Pseudomonas aeruginosa as the microbial source was
used. The biosurfactant with a purity of 90% was purchased from Sigma Aldrich, Oakville,
Canada. The rhamnolipids obtained are a mixture of mono-rhamnolipids and di-rhamnolipids
containing L-rhamnose and p-hydroxyl fatty acids.

Polyethylene (PE) microplastic powder, with a particle size range of 40-48 um was selected as a
microplastic source for microplastic removal in the context of the present study. The powder,
which was purchased from Sigma Aldrich, Oakville, Canada, has a particle density of 0.94 g/mL
at 25°C.

Artificial seawater was prepared using the enriched seawater, artificial water medium (ESAW).
The components of the ESAW media were as follows: NaCl (3.63 x 10™ M), Na,SO, (2.50 x 107
M), KCI (8.03 x 10°> M), NaHCO; (2.07 x 10°° M), KBr (7.25 x 10 M), HsB0; (3.72 x 10 M),
NaF (6.67 x 10 M), MgCl,.6H,0 (4.71 x 10”> M), CaCl,.2H,0 (9.14 x 10" M), SrCl,.6H20 (8.18
x 10”° M), NaNOs (5.49 x 10 M), NaH, PO,.H,0 (2.24 x 10° M), Na,Si05.9H,0 (1.06 x 10" M),
Na,EDTA.2H,0 (6.56 x 10" M), FeCl5.6H,0 (6.55 x 10° M), Na,EDTA.2H,0 (8.30 x 10" M),
ZnS0,.7H,0 (2.54 x 10" M), C0SO,.7H,0 (5.69 x 10° M), MnSO,.4H,0 (2.42 x 10° M),

Na,M00,.2H,0° (6.12 x 10° M), Na,Se0’ (1.00 x 10° M), NiCl,. 6H,0° (6.27 x 10° M). The
media was autoclaved at 15 psig for 20 min and cooled to 21°C before use.

3.2.1. Activity assessment of biosurfactants

The performance of rhamnolipids in a water-biosurfactant system was assessed by the estimation
of the surface tension of the liquid. The potential ability of rhamnolipids to remove microplastic
particles was investigated using foam stability tests over time.

23



3.2.1.1.  Surface tension measurements

The surface tension (ST) was measured using a drop shape analyzer (DSA30E, Kruss Scientific,
Surface Science Western, Canada). The DSA30E is equipped with a uniform LED lightning unit
and high-quality optical components. The instrument calculates surface tension by analyzing the
shape of a dispensed drop, using the pendant drop method [138]. The density of the liquid, along
with the droplet volume and contact angle of the liquid interface are used to calculate the surface
tension of the liquid.

Seven different solutions were prepared by adding rhamnolipids to distilled water. The
concentrations of rhamnolipids in the solutions were 10, 20, 40, 60, 80, 100 and 120 mg/L. To
guarantee homogeneous solutions, dry rhamnolipids were dissolved in distilled water with a
constant agitation of 300 rpm for 4 minutes. The suspension was heated at 60°C and then, cooled
to 21°C.

The procedure used in the interfacial tension measurements consisted of various steps: 1) A small
amount of the solution was placed onto the analyzer surface 2) A camera in the instrument captured
an image of the droplet from underneath, while a light source illuminated the droplet from above
3) The image was analyzed by Kruss software to determine the shape of the droplet and the contact
angle between the droplet and the surface it is sitting on and 4) The contact angle, along with other
parameters such as the droplet volume and the density of the liquid, was used to calculate the
surface tension of the liquid [139].

3.2.1.2.  Foam stability measurements of rhamnolipids foam

Four different solutions were prepared by adding rhamnolipids to distilled water. The
concentrations of rhamnolipids in the solutions were 0.5 g/L, 1 g/L, 2 g/L and 4 g/L, respectively.
To guarantee homogeneous solutions, dry rhamnolipids were dissolved in distilled water with a
constant agitation of 300 rpm for 4 minutes. The suspension was heated at 60°C and then cooled
to 21°C before analysis. Each solution was transferred into a falcon tube and then agitated for 3
minutes using a vortex. The stability of foam-based rhamnolipids was estimated as the foam height
over the duration of 60 min. Measurements of the height of the foam film were taken, starting at 0
min, and reported in 10 min increments. Each experiment was carried out in triplicates.

3.2.2. Experimental set up

A microplastic removal unit was developed for a water-polymer-biosurfactant system. Fig 3.1
shows a schematic diagram of the experiment set-up used in the present work for microplastic
removal analysis.
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Figure 3.1. Diagram of microplastics separation unit

The microplastic removal unit consists of four pieces of glassware: a round flask (500 ml), a
condenser (300 mm length), a filtration apparatus, and a recovery flask (1 L), all securely attached
to ring stands. The filtration system contained a vacuum filtration assembly clamped to a filtration
flask with a filter paper of 25 um pore size for the collection of microplastic particles. The round
bottom flask contained the liquid phase with the PE microplastic particles. Air was introduced into
the system as a gas stream, acting as a mixing agent to formulate bubbles. The inlet gas flow rate
was measured and controlled with a flowmeter (VWR, Mississauga, Canada).

3.2.3. Experimental approach

Several investigations were carried out to assess the potential efficiency of rhamnolipids to remove
microplastics in a water system. These studies were carried out at a constant temperature of 21°C
in the microplastics removal apparatus. Aqueous solutions containing different concentrations of
rhamnolipids were prepared in distilled water as follows. To guarantee homogeneous solutions,
dry rhamnolipid powder was dissolved in distilled water with a constant agitation of 300 rpm for
a minimum of 4 minutes. The suspension was heated at 60°C and cooled to 21°C. The rhamnolipid
was directly added to the solution with no further purification.

A typical experimental run was as follows: initially the spherical flask contained 1g/L of
microplastics in 100 mL of rhamnolipid solution. and air was introduced into the system to create
foam. The air flow rate was 1 L/min. The concentrations of rhamnolipid biosurfactant in the
solutions varied from 0.5 g/L to 5 g/L, combined with a PE concentration of 1 g/L in each solution.
Once bubbles started forming and foam was created, the foam traveled up the flask and through
the condenser reaching the filtration apparatus by gravity (Fig 3.1). In the filtration system, the PE
particles were collected, washed, placed in an oven overnight at 80°C to remove residual water.
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To avoid PE residue on the condenser walls, the condenser was rinsed with distilled water after
every sampling run to collect any PE particles in the condenser line. Samples were taken at 10 min
intervals for a total of 40 min and the microplastic collected was weighed. The cumulative removal
of microplastics was determined and the efficiency of removal (based on Equation 1 below) was
estimated.

PE removal ef ficiency (%) = =2 P57 v 100% )

mass of PE;

Where PE; and PEs are the initial and final concentration of the polyethylene microplastic.

3.2.4. Response surface methodology

Response surface methodology was applied to study the removal of PE. A two-level factorial
Plackett Burman (PB) design was selected to study the PE removal efficiency () of the system
[140]. The PB design is a statistical method employed to identify the most important factors
influencing the removal of PE in a water system, while minimizing the number of experiments
required. The PB design is a two level design for studying k variables in N runs where N is a
multiple of 4 and N > k+1 [141]. In a PB design, each dependent variable varies at two levels,
typically high (+1) and low (-1) [142]. The response variable is measured for each experiment, and
the data is analyzed to identify the significant variables that affect the response.

The design screened parameters based on a first-order model expressed in Eq. (2).

Y =B + X BiX; 2

In EQ. 2, Y represents the outcome of interest being measures, 3, is the intercept of the response
variable when all factors are at zero, f3; is the regression coefficient of each parameter being varied
and X; corresponds to each factor in the experiment.

To perform the analysis of the experimental data, the statistical software Minitab was used. The
overall design included 6 factors with their respective units, codes, and levels (Table 3.1). The
independent parameters rhamnolipid concentration (X1), PE concentration (X2), operating time
(Xa3), air flow rate (X4), NaCl concentration (Xs) and system configuration (Xe) were selected
according to previous studies on flotation method [143] [144] and microplastics occurrence in
water systems [15] [19]. The variable Xs refers to the NaCl concentration of 0 M and 0.5 M in
fresh and marine water respectively. For the system configuration factor Xs, the level -1 refers to
a lateral air inlet and the level 1 represents a bottom air inlet, both located in the round flask.
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Table 3.1. Coded factors and levels selected in the Plackett Burman design for response surface analysis
of PE removal using rhamnolipids

Factors Unit Code Level
-1
Rhamnolipid concentration g/L X1 1 5
PE concentration g/L X2 0.5 1.5
Operating time min X3 20 40
Air Flow Rate Lpm Xa 1 2
NaCl concentration M Xs 0 0.5
System configuration* X 1 2

* For factor coded as Xg, level -1 refers to a lateral air inlet and level 1 to a bottom air inlet, both located in the round flask of the
microplastics removal unit

Based on the statistical analysis a response surface method was developed. The model was
assessed by analysis of variance (ANOVA) with a confidence level of 95%. A linear regression
was carried out to obtain the regression coefficients. A Pareto plot was used as a significance test
to identify main factors that influence the PE recovery. An area where the predicted means of the
PE recovery variable were acceptable was estimated through an overlaid contour plot. A surface
plot displayed the interaction between the response and the independent variables.

3.2.5. Image processing and bubble size analysis

Images of the bubbles in the rhamnolipids foam were processed in the ImageJ software. All the
images were taken with a charge-coupled device (CCD) video camera. The analysis was carried
to take into consideration combinations between only the significant factors. The images were
opened in their native format and transformed into 8-bit images into gray images to remove noise.
A LUT conversion profile was applied for better delimitation of the bubbles followed by an
enhancement of contrast. A threshold of 50 was used for easier identification.

3.3.  Results and discussion

3.3.1. Surface tension measurements of rhamnolipids

According to Fig. 3.2, the surface tension of the rhamnolipid solutions decreased from 72 mNm™
to a minimum value of 24.11 mNm™™ with a surfactant concentration of 0 and 120 mg/L,
respectively.
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Figure 3.2. Surface tension measurements of water-biosurfactant systems as a function of time when using
rhamnolipid biosurfactant

The surface tension of water decreased gradually as the rhamnolipid concentration increased, until
the critical micelle concentration (CMC) was reached. Once the CMC was achieved, the surface
tension value remained constant. The average CMC value of rhamnolipids obtained in this study
was 60 mgL™, which is in agreement with other reported studies that analyzed the surface active
properties of rhamnolipids [97], [145].

A decrement in the surface tension of water, indicates surface active properties that characterized
a biosurfactant [146]. A relationship between the CMC and the foam stability of biosurfactants has
been established by previous authors [97]. A low CMC value is associated with a stable foam that
serves not only as a surfactant but as a bioemulsifier [147]. For the purpose of this study, a stable
foam is one of the properties one should take into account when using foam-based surfactant as a
separation alternative.

3.3.2. Foam stability measurements of rhamnolipids in water

The results for rhamnolipids foam film height as a function of time are shown in Fig 3.3. As it is
seen in the figure, the lowest height of the foam film at 5.44 cm is observed with a concentration
of rhamnolipids of 0.5 g/L, while the highest foam film was obtained when the concentration of
rhamnolipids increased to 4g/L. When the concentration of rhamnolipids was 0.5 g/L the
maximum level of foam decay of 100% was reached at 60 min. On the other hand, the lowest level
of foam decay of 76.10% was reached at 60 min when the concentration of rhamnolipids is 4g/L.

Numerous studies have found that a lower decrement on the foam film thickness of a biosurfactant

over time is an indication of stable foam. Foam stability has been found to be affected by both, the
concentration, and the surface tension of a biosurfactant [148]. A stable foam is often associated
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with low foam collapse and less bubble rupture, favouring the separation of desired particles [148]
[149]. Foam collapse is mainly caused due to a liquid drainage in the foaming of biosurfactants
[150]. In the case of rhamnolipids, the hydrophilic sugar-based portion has been shown to provide
better foaming abilities than oil-based substrates [149].
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Figure 3.3. Foam stability of rhamnolipids based-foam in distilled water as a function of time

3.3.3. PE removal efficiency of rhamnolipids foam in a water-polymer-biosurfactant system

In order to assess the role of rhamnolipids biosurfactant in the removal of PE microplastic particles,
a series of experiments were conducted without the inclusion of rhamnolipids in the mixture. These
experiments were carried out to investigate the impact of the absence of rhamnolipids on the
removal efficiency of PE microbeads. The results revealed that in the absence of rhamnolipids
biosurfactant, the system exhibited no removal of PE. This finding suggests that rhamnolipids play
a significant role in facilitating the effective removal of PE microplastics in the ternary system.
The lack of rhamnolipids in the liquid mixture led to an absence of PE particle removal,
highlighting the crucial role of their presence in achieving effective removal of polymer particles.

Several variables can affect the removal of microplastics using the rhamnolipid biosurfactant foam.
These include all the variables listed in Table 3.1 previously. First, forty-eight batch removal
experiments were carried out by varying the rhamnolipid concentration to study polyethylene
microplastic removal as a function of time (twelve experiments for one rhamnolipid concentration
over time, repeated four times). Figure 3.4 shows the PE microplastic removal efficiency at
different concentrations of rhamnolipids as a function of the operating time.
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Figure 3.4. PE removal efficiency as a function of time using rhamnolipid biosurfactant based-foam

As shown in Figure 3. 4, there is an increase in the PE removal efficiency over time. When 0.5 g/L
of rhamnolipids are added to the mixture, the PE removal efficiency increases from 8.87% at 10
min to 40.35% at 40 min. When the concentration of rhamnolipids in the system increases to 0.75
g/L a similar behavior is observed starting with a PE removal efficiency of 12.85% at 10 min to a
PE removal efficiency of 51.09% at 40 min. One can observed the same increasing trend for a
rhamnolipids concentration of 1.5 g/L, in which the PE removal efficiency reaches a removal of
38.45% of PE particles at 40 min. When the highest concentration of rhamnolipids of 2 g/L is used,
the system is able to remove the highest amount of PE microplastic particles being this 59.26%.

The foam stability studies (Figure 3) indicated that more stable foam is obtained at 2 g/L, leading
to a high PE removal efficiency.

It is important to mention that lower concentrations of rhamnolipid exhibited higher PE removal
efficiencies when compared to higher concentrations of rhamnolipids at 10 and 20 min.
Specifically, at rhamnolipid concentrations of 0.5 g/L and 0.75 g/L, the system achieved removal
efficiencies of 8.87% and 12.85%, respectively. However, the PE removal efficiency decreased to
5.35% when the concentration of rhamnolipids increased to 1.5 g/L. A decrease in the PE removal
(5.91%) was also observed for 2 g/L of rhamnolipids in the system.
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As it is observed in Fig 3.4, the use of biosurfactant in the system allows for an effective removal
of PE microplastic particles over time. A higher PE removal at lower concentrations of
rhamnolipids at 10 and 20 min can be explained by the different behavior of the surfactant that
influences its ability to remove microplastics. This means that it is possible that during the initial
stages of the experiment, the biosurfactant experienced a greater detachment of PE particles from
the surface due to reduced interfacial activity at lower concentrations. However, as the experiment
progressed, higher concentrations of biosurfactants removed more microplastics, suggesting that
the surfactant molecules formed a stronger surface layer capable of removing more PE
microplastic particles.

In the next set of experiments, the PE concentration was varied while keeping the rhamnolipid
concentration at 2 g/L. Fig 3.5 shows the effect of the PE concentration on the PE removal
efficiency as a function of time. Overall, the results show that the PE removal efficiency of the
system increases over time as the concentration of microplastics in suspension increases. When
the operating time is 10 min, the PE removal efficiencies achieved for different concentrations of
PE have similar values of 5.33 % (0.5 g/L), 6.17 % (0.75 g/L) and 3.22 (1 g/L), with an increase
to 12.39% for a PE concentration of 1.5 g/L. As the operating time increases, the system with a
PE concentration of 0.5 g/L reaches a PE removal efficiency of 58.77% at 40 min. The same
behavior occurs with a PE concentration of 0.75 g/L, 1 g/L and 1.5 g/L, in which the maximum
PE removal efficiency obtained were 41.05%, 76.64% and 81.54%, respectively, with an operating
time of 40 min.
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Figure 3.5. Effect of PE microplastic concentration on the PE removal efficiency of a as a function of time using
rhamnolipids biosurfactant. The error bars are standard deviation based on triplicate experiments.

3.3.4. Plackett Burman design analysis for main factors

The initial set of experiments demonstrated that a number of variables and their interactions
between variables can affect the removal efficiency of the microplastic with the rhamnolipid foam.
Therefore, the efficacy of PE removal using rhamnolipids was further evaluated with a Plackett
Burman (PB) design. The design matrix and response values for each of the experimental runs are
presented in Table 3.2 as X1 to Xs.. This experimental design approach was helpful to minimize
the number of experiments and was able to estimate the effects of the independent variables X,
X, X3, Xa, Xs and Xe, with as few as 24 data points.
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Table 3.2. Effect of variables on PE removal using an experimental matrix of the Plackett Burman design

Run X1 X2 X3 Xa Xs Xs PE. r.emoval
efficiency %
1 - - - + - 82.54
2 - + + - + 58.58
3 - + - + + - 54.23
4 - + + - + + 84.63
5 - - - + - + 60.36
6 + - + + + - 85.21
7 - + + + - - 48.36
8 - - + - + + 53.42
9 + + + - - - 22.59
10 + + - + + 58.42
11 + + - - - + 28.11
12 - - - - - - 25.64
13 + - - - + - 83.42
14 - + - + 59.05
15 - - - 57.94
16 - + - 90.32
17 - - - + - + 56.36
18 + - + + + - 92.42
19 - + + + - - 49.32
20 - - + - + + 58.49
21 + + + - - - 36.68
22 + + - + + + 54.34
23 + + - - - + 18.62
24 - - - - - - 12.41

The results show that the highest percentage of PE removal efficiency achieved was 92.42% (run
18) when the system operated for 40 min with bottom air inlet configuration as in Table 3.2., with
a rhamnolipid concentration of 5 g/L, PE concentration of 0.5 g/L, air flow rate of 2 Lpm and NaCl
concentration of 0.5 M. The lowest PE removal of 12.41% (run 24) was observed when all the
predictors performed at the lowest level.

A linear regression equation was obtained for the PE removal efficiency and is represented as
below:

Y = —16.73 + 8.33X; + 0.47X, + 1.455X; + 2.07X, + 2.06Xs + 0.28X, ?)

In Eq 3., each dependent variable is multiplied by their respective coefficient, showing the
contribution of these coefficients to the value of the dependent variable. The regression
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coefficients indicate that all parameters Xi, Xz, X3, X4, Xs and Xs have positive effects by
increasing Y. According to this equation, the highest coefficient 8.33 for X1, shows that 1 unit
increment in this variable contributes to an increase in Y of 8.33 units when all other parameters
are constant. On the other hand, variable Xs, with a coefficient of 0.28 units, has the smallest
contribution on the response variable when compared to the other parameters in the equation.

As part of the regression analysis, an ANOVA is presented in Table 3.3. The statistical significance
of the parameters and the model was determined based on a p-value less than 0.05.

Table 3.3. ANOVA for PE removal efficiency

Term Degrees of freedom Sum of F-Value P-Value
squares
X1 1 6660.67 277.09 <0.0001*
X2 1 13 0.06 0.817
X3 1 5079.7 211.32 <0.0001*
Xa 1 25.7 1.07 0.316
Xs 1 101.8 4.24 0.055
Xs 1 1.8 0.08 0.787
X1*X3 1 1.7 0.07 0.799
Model 6 1187.11 82.31 <0.0001*
R?=0.92

The first column of the ANOVA table contains the terms and interactions that may have an effect
in the PE removal efficiency. The second column shows the degrees of freedom, which represent
the number of observations which are free to vary in the final calculation of a statistic [151]. The
third column shows the sum of squares, representing the sum of squared deviations of the data
from the mean [152]. The fourth column shows the F-statistic, which is widely used to test the
significance of the experimental results [153]. Finally, the last column reports the p-values
associated with the F-statistic, indicating the statistical significance of the results [154].

The quality of the linear model expressed by the coefficient of R? of 0.92 accurately predicted the
effects of the parameters on the PE removal efficiency. This value indicates that even though the
sum of the squares of the overall model is high at 1187.11, the model has a proper adjustment of
92.46% and provides a correct association of the variables.

According to the results of the ANOVA in Table 3.3, both the biosurfactant concentration and
operating time parameters were found to significantly influence the PE removal efficiency. The
model was also verified to be significant due to the adequate F values of 82.31 for the removal of
microplastics. As a general rule of thumb in regression models, a model is considered to be
significant when the F value > 2.5 [155]. The lack of fit of the model was not significant due to a
p-value of 0.482. Once the critical parameters were identified, the interaction between the
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rhamnolipid concentration and operating time factors (X1*X3) was included in the analysis of
variance. Even though both parameters X and Xs are significant, the interaction between the two
factors does not influence the PE removal efficiency.

Fig 3.6 shows the pareto plot, overlaid contour plot and the response surface 3D plot for the PE
removal efficiency of the system. As it is observed in the Pareto Plot (Fig 3.6a), the parameters
rhamnolipid concentration and operating time, are confirmed to influence the response variable
significantly. The diagram includes all the variables from largest to smallest and it verifies the
most frequent causes of PE removal. The chart elaborated by Minitab sorts the variables in
descending order in the y axis and records the frequency of occurrences in the x axis.

The bars in Fig 3.6a that represent rhamnolipid concentration (X1) and operating time (X3) cross
the reference line, meaning they are statistically significant at the 0.05 level. The reference line
presented in the graph identifies their significant effect with a confidence level of 95%. Thus, most
of the effect in PE recovery efficiency is found to come from only both factors X1 and Xas. This is
in accordance with a previous study that indicated the significant effect of biological surfactant
concentration and time on PE recovery in a froth flotation system [156].

As shown earlier in Figure. 3.4, higher concentration of rhamnolipids and a longer operating time,
favor the removal efficiency of PE in floated products. The comparison between the rhamnolipid
performance at 1 g/L and 5 g/L can be explained from their wettability properties [157]. At higher
concentrations, the biosurfactant is capable of wetting on hydrophobic surfaces more rapidly.
Moreover, the contact angle between biosurfactant molecules and plastics is a function of the
surfactant concentration [158]. At low concentrations of rhamnolipids, the molecules adsorbed
onto the surface with a horizontal configuration. As the concentration of the surfactant rises, their
tails start to interact and their orientation changes from horizontal to vertical [159]. The surface
tension decreases on water along with a decrease in the contact angle between the molecules of
the biosurfactant and plastics [160]. This causes a rapid hydrophilization of the surface, due to the
surface adsorption of the tails which also causes a decrease in the free energy of the entire system.
Moreover, other studies have found that adhesion tension values of rhamnolipid solutions on
plastics decrease as the concentration of rhamnolipid increases [161] [162].
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Figure 3.6 a) Pareto chart of the standardized effects obtained for PE removal efficiency using six dependent factors
at the 0.05 statistically significant level b) Overlaid contour plot of PE recovery efficiency at varying levels of
rhamnolipid concentrations and time ¢) Response Surface 3D plot of PE recovery efficiency using rhamnolipid

concentration as a function of time

An overlaid contour plot presented in Figure 3.6b was constructed to identify the feasible area of
both biosurfactant concentration and time. The graph illustrates the variables necessary to achieve
a PE recovery efficiency range between 50% and 98%. The graph displays contours for these
bounds vs the continuous variables Xz and X3 on both axis and presents a white region where both
parameters are in the specified range. According to this graph, rhamnolipid concentrations greater
than 4.2 g/L can remove 50-98% of the PE particles in the system despite of the conditioning time.
Below this concentration, rhamnolipids’ performance affecting PE removal varies and is highly
dependent on the time variable. In addition, an operating time greater than 39 min can achieve an
effective removal of PE despite of the biosurfactant concentration. The combination of the
variables X: and Xs that lay in the gray area do not produce PE recovery values within the
boundaries of the fitted response.
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In combination with the contour plot, a surface plot of PE recovery with the biosurfactant
concentration and time variables is presented in Figure 3.6¢. The surface plot displays a response
surface with the form of a trapezoid in reference to the model containing linear parameters that are
statistically significant. The highest values of PE recovery are in the upper right corner of the
graph, which corresponds with high values of both rhamnolipid concentration and time. The lowest
values of PE removal are found in the lower left corner of the plot, which corresponds with low
values of both parameters.

The surface plot in Fig. 3.6¢ shows the relationship between the operating time and rhamnolipid
concentration settings and the PE removal efficiency. Low concentrations of rhamnolipids
biosurfactant and shorter time intervals resulted in low PE removal efficiencies. However, higher
concentrations of biosurfactants combined with high time intervals resulted in high PE removal
efficiencies. The shape of the plot illustrates a linear relationship between the significant variables
rhamnolipid concentration and operating time, and the response variable PE removal efficiency.
The peak on the plot corresponds with the highest PE removal efficiency value of 92.42%, and
occurs at a concentration of rhamnolipids of 5 g/L and operating time of 40 min.

The difference between the results in PE removal efficiency, can be attributed to the positive effect
of rhamnolipids in the mixture. As the concentration of biosurfactant in the mixture increased, the
removal of plastics also increased. On the contrary, the PE removal efficiency of the system
decreased with an increment in the air flow rate [29].

3.3.5. Bubble size analysis

Fig 3.7 shows the average bubble diameter of rhamnolipids foam as a function of time for two
different concentrations of rhamnolipids of 1 and 5 g/L. An average of 7 measurements of the
bubble diameters were calculated for each combination of the statistically significant predictors of
the response variable. The bubble diameter used for this analysis was the average diameter of the
main size of the bubbles after visual observation. Bubble size diameters are presented in Appendix
D. Table D.1.
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Figure 3.7. Average bubble diameter as a function of time for concentrations of rhamnolipids of 1 g/L and 5 g/L

According to Figure 3.7, the bubble diameter with a rhamnolipid concentration of 1 g/L had a
decreasing tendency from 0.46 mm at a time of 20 min to 2.4 mm at 40 min. At a higher surfactant
concentration of 5 g/L, the bubble diameter presented a smaller value of 0.27 cm at 20 min and
increased to 0.94 cm when the time reached 40 min. Our results show that a higher concentration
of rhamnolipids is characterized by lower bubble size throughout time along with high PE removal.
On the contrary, lower concentration of rhamnolipids led to a bigger size of the bubbles and a
lower recovery of microplastics. This demonstrates that bubble diameter is inversely correlated to
rhamnolipid concentration. Other studies have stated that bubble size is a crucial variable in
flotation, since it represents a suitable surface for particle attachment [163]. Studies have shown
than in flotation tanks, frother concentration is one of the operating variables that affect bubble
size [163], [164]. These observations are consistent with the fact that, when the biosurfactant
concentration increases, there is also an increase in the overall surface area and its capacity to
transport particles up to the floated product [165]. Smaller bubble size has been also confirmed to
contribute to foam stability. A higher rhamnolipid concentration exhibits smaller bubble size
resulting in higher foam stability values and higher flotation recovery of the desired product.
Although froth stability has been shown to be a critical variable in the flotation process, there have
been no studies that report the effect of rhamnolipid to remove microplastic particles [166].
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3.4. Conclusions

In this study, the microplastics removal efficiency was successfully demonstrated using
rhamnolipids based foam. A two-level factorial design with 24 data points was carried out to
evaluate the performance of a microplastic removal system that uses rhamnolipids for the removal
of PE. The independent factors studied in this investigation were rhamnolipid concentration (X1),
PE concentration (X2), operating time (X3), air flow rate (X4), NaCl concentration (Xs) and system
configuration (Xs). PE removal efficiency (YY) was selected as the response variables. A first order
model was fitted with an R? of 0.92. The highest removal efficiency of PE observed was 92.42%
and the lowest recovery was 12.41%. This helped to elucidate that the microplastic removal system
can remove PE microplastic particles using foam from a biological source.

An ANOVA analysis was performed to determine the critical parameters that affect the PE removal
efficiency. The rhamnolipid concentration and operating time were found to have a significant
effect in the PE removal efficiency. Although these parameters have a positive effect in PE
removal, their interaction between those do not significantly influence the response variable. The
study revealed that other parameters such as PE concentration, air flow rate, NaCl concentration
and system configuration do not have an effect on the efficiency of the system to remove PE
particles.

Once the significant parameters were identified, it was possible to determine a bubble size
variation related to rhamnolipid concentration. Images of the combinations between the factors
biosurfactant concentration and operating time were processed and measurements of the bubble
size diameters were taken. The results show an inversely proportional correlation between the
concentration of rhamnolipids and the bubble size. Moreover, when rhamnolipid concentration
increased the bubble size decreased, increasing the ability of the bubbles to remove PE particles.
Thus, the microplastic removal unit along with the use of foam from a biological source may be a
major solution to remove small plastic particles in water systems without adding more pollutants
to water bodies. Since the nature of rhamnolipids is a non-toxic-biodegradable compound, one
could say that the addition of this substance to water at lower concentrations of less than 4g/L
would not harm aquatic ecosystems. However, it is important to conduct specific toxicity
assessments to determine their impact on aquatic creatures including various factors such like the
rhamnolipids concentration, and exposure duration, among others.
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CHAPTER 4

4. Investigation of the use of rhamnolipids foam to remove polyethylene
microplastics of various sizes

This chapter reports a series of experiments designed and conducted to study the effect of four
operating variables, namely rhamnolipid concentration, operating time, PE microplastic size and
PE concentration and their impact on PE microplastic removal. The studies were carried out at
21°C in a microplastic removal system using several size ranges of PE microplastic particles.

PE was selected as a model for microplastics in the study for the following reasons: PE is currently
one of the most commonly used polymers in the plastic industry and its low and high density forms
are found in water bodies ubiquitously [167] [168]. Among its applications in the industry, PE is
used to make packaging products, primarily single used products that range from clear plastic bags
to plastic films. Due to the extensive use of plastics and their persistence in the environment,
numerous studies have reported the negative impact of plastic pollution in marine life, human
health, among others [169].

In the aquatic environment, PE particles are fragmented into pieces that are of ecological concern
as they are a vector for organic pollutants through absorption [170], [171]. These synthetic polymer
is characterized to have an average size greater than 20 microns [172]. To replicate this material, a
size diameter of PE particles in the range of 53-300 microns was selected.

Although there is evidence about microplastic degradation as a biological approach to reduce
microplastic contamination, in our view, no study has been conducted to evaluate the efficiency of
their biproducts to remove microplastic particles [173] [174]. Since it was shown in the previous
chapter that rhamnolipids biosurfactant can effectively remove PE microplastics, the focus of this
chapter is to investigate the potential of rhamnolipid biosurfactant to remove PE microplastic
particles at different concentrations and operating conditions.

4.1. Materials and methods

Rhamnolipid biosurfactant purified from Pseudomonas aeruginosa as the microbial source was
used. The biosurfactant with a purity of 90% was purchased from Sigma Aldrich, Oakuville,
Canada. The rhamnolipids obtained are a mixture of mono-rhamnolipids and di-rhamnolipids
containing L-rhamnose and -hydroxyl fatty acids.
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Polyethylene microplastic powder samples with an average particle size of 53-59 microns and 125
microns were both obtained from Sigma Aldrich. On the other hand, Polyethylene powder, low
density with an average particle size of 500 microns was purchased from Thermo Scientific
Chemicals Canada.

4.1.1. Experimental Approach

Several investigations were carried out to assess the potential efficiency of rhamnolipids to remove
PE microplastic particles of several sizes in a water system. These studies were carried out at a
constant temperature of 21°C in the microplastics removal apparatus. Aqueous solutions of 100
ml were prepared by adding distilled water, PE, and rhamnolipids at various concentrations. To
guarantee homogeneous solutions, dry rhamnolipids were dissolved in distilled water with a
constant agitation of 300 rpm for 4 minutes. The suspension was heated at 60°C and cooled to
21°C. Rhamnolipids were directly added to the solution with no further purification.

The solution containing PE, rhamnolipids, and distilled water was added to the round flask and air
was introduced into the system, acting as a mixing agent. Once bubbles started forming and foam
was created, the foam traveled up the flask and through the condenser reaching the filtration
apparatus by gravity. In the filtration system, the PE product was collected, placed in an oven
overnight and heated at 80°C to remove any traces of water. To avoid PE residue on the condenser
walls, the instrument was rinsed with distilled water after every run and the product was filtrated.

4.1.2. Assessment of the PE removal efficiency using rhamnolipids foam

The potential ability of rhamnolipids based-foam to remove several sizes of PE microplastic
particles was assessed using different settings of the rhamnolipids concentration variable combined
with variations in the operating time. For the evaluation of the PE removal efficiency aqueous
solutions of 100 ml were prepared. Each solution contained distilled water, rhamnolipids and PE
microplastic particles. The concentrations of rhamnolipid biosurfactant in the solutions were 1 g/L,
2 g/L and 4 g/L, combined with variations of the PE concentration of 1 g/L, 1.5 g/L and 2 g/L. The
experiments were carried out in the microplastic removal system with a bottom air inlet.

For the calculation of the PE removal rate, the mass of PE initially added to the system and the
final mass of PE particles collected in the paper filter were recorded as defined in Eq. (1). The
mass of PE microplastic particles present in deionized water was neglected.

4.1.3. Response surface methodology

Response surface methodology was applied to study the removal efficiency of PE. A full factorial
design with 4 factors, and 3 levels was selected to study the microplastic removal efficiency (YY)
of the system. The overall design of factors with their respective units, codes and levels is listed in
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Table 4.1. The independent parameters rhamnolipid concentration (X1), operating time (X2), PE
size (X3), and PE concentration (X4) were selected as part of the investigation according to
previous studies on microplastic occurrence in water systems [15] [19]. The response variable was
measured for each experiment, and the data was analyzed to identify the significant variables that
affect Y. A total number of 81 data points with 1 replica were used as a part of this investigation.

Table 4.1. Coded factors with their units and levels for response surface analysis of PE removal using

rhamnolipids
Factors Unit Code Level
-1 0 1
Rhamnolipid concentration g/L X1 1 2 4
Operating time min X 12 24 36
PE size um X3 53-59 125 300
PE concentration g/L Xa 1 15 2

Microplastic products were analyzed using Matlab software for technical computing. This
software integrates computation and programming to analyze and design mathematical models,
among other applications. Polyfitn, an extension of the polyfit package, was used to develop a
model that correlates the response variable with more than one independent variable. Using
experimental data, polyfitn was able to fit a polynomial regression model with 4 independent
variables and a singular dependent variable for each type of the studied microplastics. A p-value
smaller than 5% was used to identify main factors that influence microplastic recovery. The
significance of the interaction between the factors was also assessed.

4.1.4. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy was used as a qualitative analysis to identify the polymer
nature of collected plastics. This approach helps to rule out any other contaminants in the
microplastic product that could lead to incorrect estimations. For each tested microplastic, the
characteristic wave numbers were determined based on the FTIR spectrum.

Measurements were performed on a Bruker Tensor 11 system FTIR spectrometer with a Hyperion
2000 microscope at Surface Science Western, Canada. The system employs an Attenuated Total
Reflectance accessory mod. Smart Performer. All spectra were obtained with a Ge crystal cell
(maximum depth 0.8 mm).
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4.1.5. Bubble size analysis of rhamnolipids

Images of the bubbles produced using rhamnolipids were processed in the image analysis software
ImagelJ. The bubble sizes were obtained from the ternary mixture containing water PE microplastic
particles and rhamnolipids.

For the evaluation of the effect of polymer and rhamnolipid concentration in the bubble size, the
variables rhamnolipid concentration, PE size and PE concentration were considered as part of the
analysis. The experiments were carried out in the microplastics removal unit with an air flow rate
of 2 LPM. Aqueous solutions (100 ml) containing rhamnolipids and distilled water were prepared.
The concentrations of rhamnolipid biosurfactant in the solutions were 0.5 g/L, 1 g/L and 2 g/L. To
guarantee homogeneous solutions, dry rhamnolipids were dissolved in distilled water with a
constant agitation of 300 rpm for a minimum of 4 minutes. The suspension was heated at 60°C and
cooled to 21°C. Then, PE microplastics was added to the mixture in concentrations of 0.5 g/L, 1
g/L and 2 g/L.

Bubble photographs were captured using a NIKON D5600 camera with a AF-S NIKKON 18-140
mm lens. The images were opened in their native format and transformed into 8-bit images into
gray images to remove noise. An LUT conversion profile was applied for better delimitation of
the bubbles followed by an enhancement of contrast. A threshold of 50 was used for easier
identification.

4.2. Results and discussions

The efficacy of PE removal was evaluated using rhamnolipids. The effect of rhamnolipid
concentration, microplastic concentration, operating time and microplastic size were studied in
order to determine the critical parameters that influence the PE removal efficiency.

4.2.1. PE removal efficiency of rhamnolipid based foam in a water-microplastic-
biosurfactant system

The removal of polyethylene powder using rhamnolipids- foam is influenced by various factors,
which are listed in Table 4.1. The initial experiments involved changing the concentration of
rhamnolipids to determine how the removal of polyethylene microplastics changes over time. Fig
4.1 illustrates the efficiency of polyethylene microplastic removal for different concentrations of
rhamnolipids and operating times, with a microplastic size of 53 pm in the system.
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Figure 4.1 Effect of rhamnolipids concentration on the PE removal efficiency of a water-biosurfactant-polymer
system as a function of time when the PE size is 53 um

As shown in Fig. 4.1, there was an increment in the PE removal efficiency in a water- polymer-
biosurfactant system when higher concentrations of rhamnolipids were used over time. When 1
g/L of rhamnolipids were added to the mixture, the PE removal efficiency increases from 9.86%
at 10 min to 67.02% at 40 min. When the concentration of rhamnolipids in the system increased
to 1.5 g/L a similar behavior was observed starting with a PE removal efficiency of 15.37% at 10
min to a PE removal efficiency of 78.9% at 40 min. When the highest concentration of
rhamnolipids of 4 g/L was used, the system was able to remove the highest amount of PE
microplastic particles being this 88.92 %.

A similar behavior occurred when the PE microplastic size increased to 125 um. Figure 4.2 shows

the effect of the rhamnolipids concentration variable on the PE removal efficiency of a water-
biosurfactant-polymer system as a function of time when the PE size is 125 um.
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Figure 4.2. Effect of rhamnolipids concentration on the PE removal efficiency of a water-biosurfactant-polymer
system as a function of time when the PE size is 125 um

As shown in Fig. 4.2, when the concentration of PE microplastic size in the system increased to
125 pm, the PE removal efficiency followed a similar increasing behavior compared to the PE
removal efficiency when the PE size in the system was smaller. According to this graph, there was
an increment in the PE removal efficiency in the ternary system when higher concentrations of
rhamnolipids were used over time. When 1 g/L of rhamnolipids were added to the mixture, the PE
removal efficiency increased from 21.31% at 10 min to 44.87% at 40 min. When the concentration
of rhamnolipids in the system increased to 1.5 g/L a similar behavior was observed starting with a
PE removal efficiency of 10.43% at 10 min to a PE removal efficiency of 46.98% at 40 min. When
the highest concentration of rhamnolipids of 4 g/L was used, the system was able to remove the
highest amount of PE microplastic particles being this 52.76%. Although the increased in the
rhamnolipid concentration had a positive impact in the PE removal efficiency of the system, the
PE particle size, on the contrary suggests an inverse trend.

As shown in Fig. 4.3, for a higher PE microplastic size of 300 um, one can observe an increase in
the PE removal efficiency in a water- polymer-biosurfactant system over time. When 1 g/L of
rhamnolipids were added to the mixture, the PE removal efficiency increases from 26.2 % at 10
min to 52.36%% at 40 min. When the concentration of rhamnolipids in the system increased to 1.5
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g/L the PE removal efficiency followed the same increasing trend, starting with a removal of
9.92% at 10 min to a removal of 47.18% at 40 min. When the highest concentration of
rhamnolipids of 4 g/L was used, the system achieved the highest removal of PE particles, being
this 56.30%.
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Figure 4.3. Effect of rhamnolipids concentration on the PE removal efficiency of a water-biosurfactant-polymer
system as a function of time when the PE size is 300 um

The results obtained, suggested that the removal of PE particles of various sizes could be
influenced by several parameters. For this reason, further analysis of the parameters that
significantly influenced the PE removal efficiency was conducted.

4.2.2. Experimental design and modelling

In order to calculate the PE removal efficiency in water using rhamnolipids foam, a least squares
quadratic fit was used. The coefficients of each parameter and interaction, along with the standard
error of the mean and pvalue are included in Table 4.1. The matrix of the full factorial design with
the predictors and response variable is reported in Appendix A: Full factorial design for the
investigation of PE removal efficiency.

46



Table 4.1. Polynomial coefficients with their p-value, standard error of the mean and tStat for the model predicting
the PE removal efficiency using rhamnolipids

Estimated coefficients

Variables Coefficients pValue tStat SE
X1 -12.491 0.26677 -1.12 11.153
X2 3.393 0.0005382* 3.6389 0.93242
X3 0.051089 0.50237 0.67447 0.075747
X4 -1.6552 0.95582 -0.055613 29.762
XXz 0.26604 0.0028927* 3.0943 0.085978
X1X3 -0.017311 0.042167 -2.0721 0.0083541
X1X4 1.5462 0.45634 0.7493 2.0635
XoX3 -0.0049685 3.5009e-05* -4.4403 0.001119
XoX4 -0.1919 0.48992 -0.69432 0.27638
X3X4 -0.0044804 0.86801 -0.16684 0.026855
Xq? 2.7238 0.18006 1.3549 2.0103
X2 -0.032176 0.052373* -1.9757 0.016286
X2 0.0001013 0.51232 0.6588 0.00015376
X4? -1.9956 0.83219 -0.21273 9.3807
Intercept 0.13067 0.99638 0.0045505 28.715

The results in Table 4.1 represent the coefficients of a multiple regression model with one response
variable and four predictor variables. The model included all dependent variables X1, Xz, X3, and
X4, as well as their interactions and quadratic terms. The information provided includes the
estimated coefficients, their standard errors (SE), t-statistics, and associated p-values for testing
the null hypothesis. In this case, the null hypothesis stated that there is no significant relationship
between the independent factors and the response variable.

In terms of the p-value, some of the predictors and their interactions are significant at the 5% level.
This means, that the p-values of less than 5% have a significant effect on the response variable.
Among the independent variables, X> and some of its interactions (X1.X2 and X2.X3) are
statistically significant (p-values < 0.05), while X1 and X3 are not (p-values > 0.05). The quadratic
term for X2 could also be considered as significant since its p-value of 0.05237 is very close to the
limit of 0.05, while the other quadratic terms are not. The intercept term is statistically
insignificant, with a p-value of 0.99638, which means that it is less likely to have an effect in Y.
In the context of this study, the intercept was not eliminated from the model, as it represents the
efficiency of PE removal when all the variables are zero.

The values obtained in Table 4.1 include a coefficient of determination (R?) 0.82. This suggests
that the model explains a large portion of the variability in the PE removal efficiency [175]. The
model also has an adjusted R? value of 0.782. This means, that approximately 78.2% of the
variation in Y is explained by the model. The adjusted R? is a modification of R? that has been
adjusted for the number of predicting factors in the model and an indication of good fit [176]. The

47



F-statistic of 21.5 with a very low p-value suggests that the model is significantly better than the
constant model, which has no predictors [177].

The root mean squared error (RMSE) of the model calculated through the ANOVA analysis was
found to be 9.95. This value represents the absolute error measure of the residuals, which indicates
the degree to which the model’s predictions deviate from the actual observations [178]. A lower
RMSE indicates a better accuracy of the model [179] [180]. Nevertheless, an RMSE value of 9.95
is not extremely high, suggesting that the model has a reasonable predictive power, which is
confirmed by the R? value of 0.82. The F-statistic of the model (21.15) with a p-value of 2.74e-19
suggests that the overall model is statistically significant, meaning that at least one of the predictors
has a non-zero effect on the response variable.

The graph presented in Figure 4.4, shows a scatter plot of the adjusted predicted values in y versus
the adjusted response values y for the linear regression model. The plot, assesses the goodness of
fit of the model, showing a reasonably straight line with some deviating points that do not fit the
general pattern of the data.
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Figure 4.4. Added plot for the whole model

The plot is in accordance with the model presented in Table 4.1, where the regression obtained,
explains 82% of the variations in the model, with some residual error that is not explained by the
predictor variables.

4.2.3. FTIR spectra of collected microplastics

FTIR spectra of collected microplastic particles is shown in Fig. 4.5. The FTIR spectra plot,
displays the wavenumber in cm™ of the infrared radiation in the x-axis and in the y-axis, the
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absorbance of the radiation. The absorption bands in Fig. 4.2 at 2916 and 2849 cm are attributed
to aromatic and aliphatic -C-H bond stretching. The absorption band in the FTIR spectrum at
around 1471 cm™ is often attributed to the bending of the CH2 group in the PE structure [181]
[182]. Even though this peak is not as prominent as the aromatic and aliphatic stretching at around
2900 cm™, it is a complimentary peak to confirm the presence of PE in the sample. Absorption
peaks at around 729 to 718 cm™ are also characteristics peaks of the PE spectra [181] [182]. These
peaks are associated by the rocking of the CH: group.
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Figure 4.5. FTIR spectra of collected microplastics
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Overall, the FTIR spectrum presented in Fig. 4.5 showed that the functional groups identified in
the spectra, correspond to the presence of PE in the collected sample. PE is characterized by strong
absorption peaks in the 2900-2839 cm™ range, which are indicative of the aromatic group in the
PE structure [183]. Thus, the spectra confirms there are no other peaks that provide information of
other content or material in the collected product.

4.2.4. Bubble size analysis of rhamnolipids

Fig 4.6 shows the effect of the rhamnolipid concentration and PE concentration upon the bubble
size of the produced foam. Bubble size diameters for PE microplastic particles are presented in
Appendix D. Table D.2. According to Figure 4.6a, when the Cpe in the ternary system is 0 g/L,
the variation in the bubble diameter has a decreasing tendency from 0.23 cm (Crmip = 0 g/L) to
0.065 cm (Crmrp = 2 g/L). This decreasing trend in the bubble size is also observed for all three
PE sizes when polymer was added to the system. Specifically, as indicated in Fig 4.6b, when the
smallest PE size range of 53 um was present in the liquid mixture, the bubble diameter experienced
a reduction from 0.165 cm when the Crmip was 0.5 g/L, to a size of 0.086 cm when the Crmip
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increased to 2 g/L. Similarly, in Fig 4.6¢, when the PE size increased to 125 um, the bubble
diameter decreased from 0.123 cm when Crmip is 0.5 g/L to 0.04 cm at Crmipis 2 g/L. Finally in
Fig 4.6d, the bubble size decrement was also favored when the PE size is 300 um. Here, the bubble
diameter reached 0.141 cm when the concentration of rhamnolipids is 0.5 g/L and 0.078 for a
concentration of rhamnolipids of 2 g/L.

Our findings indicate that with the addition of polymer solute to the system, one can observe a
reduction in the bubble diameter. Moreover, when the polymer concentration increases in a water-
polymer-biosurfactant system, the formation of smaller bubbles is exhibited.
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Our results on the bubble diameter of rhamnolipids based-foam agree with the findings of a recent
study that investigated the bubble size and bubble distribution in a polymer-surfactant-water
system. According to the study, when gas was introduced into the liquid phase, larger bubbles
were produced at higher polymer concentrations in the absence of surfactant. However, increasing
the polymer concentration also led to the rupture of large bubbles, generating smaller-sized
bubbles and increasing the gas-liquid interfacial area at high polymer concentrations [160].
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According to several investigations, the occurrence of small bubbles is due to the rupture of larger
bubbles caused by the viscosity of the aqueous solution [184]. Moreover, the presence of surfactant
in the ternary mixture increases the gas-liquid interfacial area compared to solutions without
surfactant.

4.3. Conclusions

The study’s findings suggest that rhamnolipids biosurfactant is able of effectively capturing and
removing polyethylene microplastic particles of different sizes. The study also developed a model
that correlates the factors rhamnolipid concentration (X1), operating time (X2), plastic size (X3),
and plastic concentration (Xs) and the response variable PE removal efficiency (YY), achieving a
multiple regression with an R? of 0.82, indicating a good fit of the model. Among the independent
variables, the operating time variable and its interactions with both the rhamnolipid concentration
and plastic size parameters were statistically significant at the 5% level.

Additionally, the investigation found that in a ternary system, the PE concentration had a
decreasing influence on the bubble diameter of rhamnolipids based-foam. The results in the bubble
size revealed that an increase in the concentration of rhamnolipids within the system led to a
decrease in the bubble size when no polymer was present in the system. However, with the addition
of PE solute there is a slight decrement in the bubble diameter regardless of the PE particle size.
This behavior can be explained by the foam collapse and bubble rupture, favoring the generation
of a considerable number of bubbles of less than 1mm size [160].
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CHAPTER 5

5. Investigation of car tire residue removal using rhamnolipids based-foam

This chapter reports a set of experiments that were conducted to investigate the influence of
different parameters on the removal of car tire waste using rhamnolipids biosurfactant. The factors
selected in the study were rhamnolipid concentration, operating time, car tire residue (Ctr) size
and Ctr concentration. The experiments were carried out at 21°C in a microplastic removal system
using Ctr microplastic particles.

Car tire residue was selected as a model for microplastics in the study due its occurrence in different
environments. Automotive car tires are composed of a mixture of synthetic materials such as rubber,
polyester, nylon fiber, additives and fillers [27] [185]. These materials shed as car tire particles,
characterized as airborne and road wear particles generated by the rolling shear of tread against a
surface [186]. Tire particles can aggregate to other road wear particles such as pavement, brake dust
and atmospheric deposition, contaminating aquatic environments [187]. Several studies have found
that car tire emissions contribute nowadays to water pollution in rivers, estuaries, among others
[29]. A recent study from the University of British Columbia found that more than 50 tonnes of tire
and road wear particles are released into waterways annually in the Okanagan area [28]. Another
study, reported auto tire emissions in surface waters are greater than 8.500 tonnes annually [25].

Car tire residue pollution in water is a matter of emerging concern since it not only affects aquatic
ecosystems but can also harm them. Car tire microplastic particles contain toxic chemicals such as
6ppd quinone, metals, persistent organic pollutants, among other substances, that can negatively
impact and kill aquatic organisms [188] [189]. With humans as top predators, Ctr can pose risks
to human health caused by the ingestion of microplastic particles in food sources or from drinking
water [190] [191]. For this reason, different techniques that include physical and chemical
treatments have been used to mitigate the amount of auto tire particles in water streams [192]
[193]. However, these treatments have limited effectiveness to remove Ctr particles.

Some potential approach uses microbial surfactant for the degradation of microplastic particles
and removal of mineral compounds [85] [132] [133], [134]. Since biosurfactants can remove metal
particles and have affinity for both hydrophilic and hydrophobic phases, one can say they are
capable of potentially remove microplastic particles [135]. Although recent studies have used
different methods to remove Ctr from water, in our view, no study has been conducted to evaluate
the efficiency of rhamnolipids biosurfactant to remove Ctr microplastic particles [173] [174]. The
focus of this chapter is to investigate the potential of rhamnolipid biosurfactant to remove Ctr
microplastic particles at different concentrations and operating conditions.
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5.1. Materials and methods

Rhamnolipid biosurfactant purified from Pseudomonas aeruginosa as the microbial source was
used. The biosurfactant with a purity of 90% was purchased from Sigma Aldrich, Oakville,
Canada. The rhamnolipids obtained are a mixture of mono-rhamnolipids and di-rhamnolipids
containing L-rhamnose and -hydroxyl fatty acids.

Automotive car tire residue was obtained from Sparton Enterprises Inc in Ohio with a density of
1.2 g/ml. The composition of the tire waste product was as follows: natural rubber (17.3%),
synthetic rubber (17.9%), carbon black (28%), steel (14.5%), fillers (16.5%), glass (5.8%), ash
content (5.1%) A vibratory sifter was used to separate Ctr particles into different sizes using
vibrating motions. These allowed for the Ctr dry powder to be separated into samples of 53, 90 and
300 microns. Car tire waste is now considered a common type of microplastic found in water
streams according to several investigations [194], [195].

5.1.1. Experimental Approach

Several investigations were carried out to assess the potential efficiency of rhamnolipids to remove
Ctr in a water system. These studies were carried out at a constant temperature of 21°C in the
microplastics removal apparatus. Aqueous solutions of 100 ml were prepared by adding distilled
water, Ctr, and rhamnolipids at various concentrations. To guarantee homogeneous solutions, dry
rhamnolipids were dissolved in distilled water with a constant agitation of 300 rpm for 4 minutes.
The suspension was heated at 60°C and cooled to 21°C. Rhamnolipids were directly added to the
solution with no further purification.

The solution containing Ctr, rhamnolipids, and distilled water was added to the round flask and air
was introduced into the system, acting as a mixing agent. Once bubbles started forming and foam
was created, the foam traveled up the flask and through the condenser reaching the filtration
apparatus by gravity. In the filtration system, the Ctr product was collected, placed in an oven
overnight and heated at 80°C to remove any traces of water. To avoid Ctr residue in the condenser
walls, the instrument was rinsed with distilled water after every run and the product was filtrated.

5.1.2. Response surface methodology

Response surface methodology was applied to study the removal efficiency of Ctr. A full factorial
design with 4 factors, and 3 levels was selected to study the Ctr removal efficiency (Y) of the
system. The overall design of factors with their respective units, codes and levels is listed in Table
5.1. The independent parameters rhamnolipid concentration (X1), operating time (X2), Ctr size
(X3), and Ctr concentration (X4) were selected as part of the investigation according to previous
studies on microplastic occurrence in water systems [15] [19]. The response variable was measured
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for each experiment, and the data was analyzed to identify the significant variables that affect Y.
A total number of 81 data points with 1 replica were used as a part of this investigation.

Table 5.1. Coded factors with their units and levels for response surface analysis of Ctr removal using rhamnolipids

Factors Unit Code Level
-1 0
Rhamnolipid concentration g/L X1 1 2 4
Operating time min X 12 24 36
Ctr size pm X3 53 90 300
Ctr concentration g/L Xa 1 15 2

Analysis of microplastic products was carried out using Matlab, which is a computational and
programming tool. The extension polyfitn was used to create a multiple regression model that
connects the predictors with the dependent variable. By using experimental data, a polynomial
regression model with four independent variables and one dependent variable was developed. To
determine the factors that affect microplastics recovery, a p-value less than 5% was used.

Using experimental data, polyfitn was able to fit a polynomial regression model with 4 independent
variables and a singular dependent variable for each type of the studied microplastics. A p-value
smaller than 5% was used to identify main factors that influence microplastic recovery. The
significance of the interaction between the factors was also assessed.

5.1.3. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy was used as a qualitative analysis to identify the polymer
nature of collected plastics. This approach helps to rule out any other contaminants in the
microplastic product that could lead to incorrect estimations. For each tested microplastic, the
characteristic wave numbers were determined based on the FTIR spectrum.

Measurements were performed on a Bruker Tensor Il system FTIR spectrometer with a Hyperion
2000 microscope at Surface Science Western, Canada. The system employs an Attenuated Total
Reflectance accessory mod. Smart Performer. All spectra were obtained with a Ge crystal cell
(maximum depth 0.8 mm).

5.1.4. Bubble size analysis of rhamnolipids

Images of the bubbles produced using rhamnolipids were processed in the image analysis software
ImageJ. The bubble sizes were obtained from the ternary mixture containing water, Ctr
microplastic particles and rhamnolipids.
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For the evaluation of the effect of polymer and rhamnolipid concentration in the bubble size, the
variables rhamnolipid concentration, Ctr size and Ctr concentration were considered as part of the
analysis. The experiments were carried out in the microplastics removal unit with an air flow rate
of 2 LPM Aqueous solutions (100 ml) containing rhamnolipids and distilled water were prepared.
The concentrations of rhamnolipid biosurfactant in the solutions were 0.5 g/L, 1 g/L and 2 g/L. To
guarantee homogeneous solutions, dry rhamnolipids were dissolved in distilled water with a
constant agitation of 300 rpm for a minimum of 4 minutes. The suspension was heated at 60°C and
cooled to 21°C. Then, Ctr microplastics was added to the mixture in concentrations of 0.5 g/L, 1
g/Land 2 g/L.

Bubble photographs were captured using a NIKON D5600 camera with a AF-S NIKKON 18-140
mm lens. The images were opened in their native format and transformed into 8-bit images into
gray images to remove noise. An LUT conversion profile was applied for better delimitation of
the bubbles followed by an enhancement of contrast. A threshold of 50 was used for easier
identification.

5.2. Results and discussions

The efficacy of Ctr removal was evaluated using rhamnolipids. The effect of rhamnolipid
concentration, microplastic concentration, operating time and microplastic size were studied in
order to determine the critical parameters that influence the Ctr removal efficiency.

5.2.1. Ctr removal efficiency of rhamnolipid based foam in a water-microplastic-
biosurfactant system

The removal of car tire residue of various sizes using rhamnolipids based-foam can be impacted
by numerous variables. Table 5.1 includes all the variables that could impact the removal process.
This study conducted initially batch removal experiments altering the concentration of
rhamnolipids to measure the Ctr removal efficiency over time. Fig.5.1 illustrates the Ctr
microplastic removal efficiency as a function of time when Ctr microplastics were 53 microns in
size and various concentrations of rhamnolipids were used.
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Figure 5.1. Effect of rhamnolipids concentration on the Ctr removal efficiency of a water-biosurfactant-polymer
system as a function of time when the Ctr size is 53 um

As shown in Fig. 5.1, there was an increment in the Ctr removal efficiency in a water- polymer-
biosurfactant system when higher concentrations of rhamnolipids were used over time. When 1
g/L of rhamnolipids were added to the mixture, the Ctr removal efficiency increases from 17.08%
at 10 min to 54.73% at 40 min. When the concentration of rhamnolipids in the system increased
to 1.5 g/L a similar behavior was observed starting with a Ctr removal efficiency of 24.43% at 10
min to a Ctr removal efficiency of 62.725% at 40 min. When the highest concentration of
rhamnolipids of 4 g/L was used, the system was able to remove the highest amount of Ctr
microplastic particles being this 80.48%.

A similar behavior occurred when the Ctr microplastic size increases to 90 um. Figure 5.2 shows

the effect of the rhamnolipids concentration variable on the Ctr removal efficiency of a water-
biosurfactant-polymer system as a function of time when the Ctr size was 90 um.

56



80 I
[ 1RMLP1g/L
[ IRMLP15glL
70 - | I RMLP 4 g/L
60 -
= = =
= T
S 50
'S
: E3
(<F]
T~ 40
3 —I—
£
g
b 30 ~
© = I
20
10
0 | | 1 |
10 20 30 40

Time (min)

Figure 5.2. Effect of rhamnolipids concentration on the Ctr removal efficiency of a water-biosurfactant-polymer
system as a function of time when the Ctr size is of 90 pm

As shown in Fig. 5.2, when the concentration of Ctr microplastic size in the system increased to
90 pum, the Ctr removal efficiency followed a similar increasing behavior compared to the Ctr
removal efficiency when the Ctr size in the system was smaller. According to this graph, there is
an increment in the Ctr removal efficiency in the ternary system when higher concentrations of
rhamnolipids are used over time. When 1 g/L of rhamnolipids were added to the mixture, the Ctr
removal efficiency increased from 17.40% at 10 min to 53.9925% at 40 min. On the contrary,
when the concentration of rhamnolipids in the system increased to 1.5 g/L, the Ctr removal
efficiency increased from 25.98% (10 min) to 57.06% (20 min), but experienced a decrement to
46% at 30 min, with a slight increment to 55.61% at 40 min. When the highest concentration of
rhamnolipids of 4 g/L was used, the system was able to remove the highest amount of Ctr
microplastic particles being this 74.29%. Although the increased in the rhamnolipid concentration
had a positive impact in the Ctr removal efficiency of the system, the Ctr particle size, on the
contrary suggests an inverse trend.

As it is observed in Fig. 5.3, for a higher Ctr microplastic size of 300 um, one can observe an
increase in the Ctr removal efficiency in a water- polymer-biosurfactant system over time. When
1 g/L of rhamnolipids were added to the mixture, the Ctr removal efficiency increases from 11.83%
at 10 min to 29.87% at 40 min. When the concentration of rhamnolipids in the system increased
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to 1.5 g/L the Ctr removal efficiency followed the same increasing trend, starting with a removal
of 32.92% at 10 min to a removal of 48.83% at 40 min. When the highest concentration of
rhamnolipids of 4 g/L was used, the system achieved the highest removal of Ctr particles, being
this 48.83%.
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Figure 5.3. Effect of rhamnolipids concentration on the Ctr removal efficiency of a water-biosurfactant-polymer
system as a function of time when the Ctr size is of 300 um

The results obtained, suggested that the removal of Ctr particles of various sizes could be
influenced by several parameters. For this reason, further analysis of the parameters that
significantly influenced the Ctr removal efficiency was conducted.

5.2.2. Experimental design and modelling

In order to calculate the Ctr removal efficiency in water using rhamnolipids foam, a least squares
quadratic fit was used. The coefficients of each parameter and interaction, along with the standard
error of the mean and pvalue are included in Table 5.2. The matrix of the full factorial design with
the predictors and response variable is reported in Appendix B: Full factorial design for the
investigation of Ctr removal efficiency.
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Table 5.2. Polynomial Coefficients with their p-value, standard error of the mean and tStat for the model predicting
the Ctr removal efficiency using rhamnolipids

Estimated coefficients

Variables Coefficients pValue SE tStat
X1 39.811 1.5761e-06* 7.546 5.2757
X2 5.6315 5.8775e-13* 0.63089 8.9263
X3 0.16243 0.0023173* 0.051252 3.1692
Xa 3.4741 0.86356 20.137 0.17252

XX 0.25277 4.9117e-05* 0.058174 4.3451
X1 X3 -0.025317 3.0502e-05* 0.0056526 -4.4788
X1Xa4 0.19785 0.88774 1.3962 0.14171
XoX3 -0.0039264 2.2202e-06* 0.0007571 -5.186
XoXs -0.092685 0.6218 0.187 -0.49563
XX -0.010157 0.57805 0.018171 -0.55901
Xq? -7.273 1.1986e-06* 1.3602 -5.347
X2 -0.088089 2.7137e-11* 0.011019 -7.994
Xs? -0.00022272 0.035986* 0.00010404 -2.1408
X4? -2.2304 0.90311 6.3472 -0.3514
Intercept -77.628 0.00016519* 19.429 -3.9954

The results of the multiple regression model presented in Table 5.2 aim to explain the correlation
between four independent variables (X1, Xz, X3, X4) and one response variable (Y). The model
includes 15 terms with their coefficients, including the four predictors with their combinations and
their squared terms. The standard errors, t-statistics, and associated p-values are also presented for
testing the null hypothesis that the corresponding coefficient is equal to zero. In this case, the null
hypothesis stated that there is no significant relationship between the independent variables and
the response.

The SE column represents the standard error of the estimated coefficients, which indicates the
precision of the estimate. The tStat column represents the t-statistic for testing whether the
estimated coefficient is significantly different from zero. The pValue column represents the pValue
associated with the t-statistic and indicates the level of significance of the coefficient estimate.

The results of the regression model suggest that the four predictor variables (X1, X2, X3) have a
significant impact on the response variable (Y). Specifically, we can see that X1 has the strongest
effect on Y with an estimated coefficient of 39.811 and a very low p-value of 1.5761e-06. This
means that the factor rhamnolipid concentration is statistically significant at the 0.05 level,
indicating that an increase in the concentration of rhamnolipid is associated with an increase in the
Ctr removal efficiency, holding all other variables constant. Additionally, X, and Xz have
moderate effects on Y and p-values less of than 0.05. The coefficient for X> (5.6315) is positive
and statistically significant, indicating that an increase in the operating time of the experiment is
associated with an increase in the Ctr removal efficiency. The coefficient of X3 of 0.16243 is also

59



positive and significant, meaning that the microplastic size has an effect in the response. On the
other hand, X4 has a coefficient of 3.4741 but its p-value is greater than 0.05, which suggests that
the microplastic concentration does not appear to be a significant predictor of Y in this model.

The interaction terms in the model (X1.X2, X1.X3, X1.Xa, X2.X3, X2.X4 and X3.X4) represent the
effect of the interaction between two independent variables on the dependent variable. The
coefficient for X1.Xz of 0.25277 is positive and statistically significant, indicating that the effect
of X1 on Y depends on the level of X,. The coefficient for X1.X3 (-0.025317) is negative and
statistically significant, showing that the interaction between X1 and Xz influences the response
variable Y. The coefficient for X1.X4 (0.19785) is positive but not significant and may not have a
strong or consistent effect on the Ctr removal efficiency. The coefficient for X2.X3 (-0.0039264)
IS negative and significant, which tell us that the interaction between these factors influence Y.
The coefficient for X2.X4 and X3.X4 are not statistically significant, indicating that the interactions
between Xz and X4, and between X3 and X4 are not good predictors of the Ctr removal efficiency.

The squared term X1 has a negative coefficient of -7.273, indicating that the effect of X1 on Y is
not linear, but instead decreases as X1 increases beyond a certain point. The squared term X»? has
a negative coefficient 0f-0.088089, suggesting a similar non-linear effect on X, on Y. The squared
term Xs? has a negative coefficient of -0.00022272, but its p-value of 0.035986 suggests that it is
only marginally statistically significant in this model. The squared term X4? has a coefficient of -
2.2304, but its p-value of 0.72641 suggests that it is not statistically significant predictor of Y in
this model.

The intercept term (-77.628) represents the expected value of Y when all predictor variables are
equal to zero. The coefficients of the predictor variables indicate the change in Y for one-unit
increase in each variable, holding all other variables constant.

The R? value (0.895) obtained through the ANOVA analysis represents the proportion of variation
in the response variable that is explained by the predictor variables. In this case, the model explains
89.5% of the variance in the response variable, which is considered a good fit. The adjusted R?
value (0.873) adjusts for the number of predictor variables in the model.

The F-statistics tests the overall significance of the model, which compares the model with all
predictor variables to a model with only the intercept term. The p-value associated with the F-
statistic indicates that the model is statistically significant (p < 0.001).

Finally, the root mean squared error (RMSE) indicates the average difference between the

observed and predicted values of the response variable. In this case, the RMSE is 6.73, which
means that the model’s predictions are on average within 6.73 units of the actual values.
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The graph presented in Figure 5.3, shows a scatter plot of the adjusted predicted values in y versus
the adjusted response values y for the linear regression model. The plot, assesses the goodness of
fit of the model, showing a reasonably straight line with some deviating points that do not fit the
general pattern of the data.
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5.2.3. FTIR spectra of collected Ctr microplastic particles

Data obtained from recovered car tire powder spectra was used to identify the presence of rubber
compounds [196]. An image of the recovered Ctr microplastic particles that were selected for FTIR
analysis can be found in Appendix C: Car tire residue.

The FTIR plot displayed in Figure 5.5 shows the absorption of infrared radiation as a function of
wavenumber in cm™. According to FTIR spectra presented in Figure 5.5., our findings indicate
that one of the materials present in the collected microplastic sample corresponds to the absorption
spectra of calcium carbonate (CaCO3). This common material is naturally abundant, inorganic,
and inexpensive [197]. In tires, CaCOs is used primarily as a reinforcing agent to improve
properties of tires [198]. It also helps to improve the wear properties and reduces the rolling
resistance of the tire, which can improve fuel efficiency and reduce carbon emissions [199].
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Figure 5.5. FTIR spectra of CaCO3 and SiO-

Typical FTIR spectra of PET is shown in Figure 5.6. The absorption bands at 3100 to 2800 cm™
are attributed to aromatic and aliphatic -C-H bond stretching. A sharp absorption peak around 1720
cm, corresponds the C=0 stretching vibration in the ester group (-COO-) of PET. There is a
relative weak absorption band in the FTIR spectrum at around 1412 cm™ and it is often attributed
to the deformation of the aromatic ring in the PET structure [200] [201] [202]. Even though this
peak is not as prominent as the C=0 stretching at 1720 cm™, it is a complimentary peak to confirm
the presence of PET in the sample. Absorption peaks at around 1270 cm™ also show the asymmetry
stretch of the C-C-O group bonded to the aromatic ring. The spectral absorption displayed at 1085
cm?, corresponds to the C-O stretching and C-H bending vibrations, respectively. Additional weak
absorption peaks at around 2950 cm* which correspond to the symmetric CH stretching vibrations

of the PET backbone [203].
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Figure 5.6. FTIR spectra of collected PET

Overall, the FTIR spectrum presented in this study show that the functional groups identified in
the spectra, correspond to the presence of PET in the collected sample. PET is characterized by
strong absorption peaks in the 1700-1750 cm™ range, which are indicative of the ester group in the
PET structure [183]. The other absorption peaks can be used to identify and confirm the presence
of PET in a sample [204]. Thus, there are no other peaks that provide information of other content
or material in the sample [205].

The FTIR spectra presented in Figure 5.7 shows absorption bands that characterized a rubber
sample. The FTIR spectra of rubber can be verified due to several broad absorption bands in the
infrared region that range from 4000 to 400 cm™. The most prominent absorption peak in the
spectrum of rubber is commonly found around 2900 cm-1 and corresponds to the CH stretching
vibrations of the CH groups in rubber [206] [207]. This peak is in accordance with the peak showed
in Figure 5.5 at 2919 cm™. Another important peak of rubber was observed at around 1428 cm™,
typically attributed to the CH, bending vibrations, while the band at around 1360 cm™ is a
characteristic of CHs vibrations. The FTIR spectra also exhibit absorption bands around 1000 to
1100 cm™ associated with the presence of ether and alcohol groups, respectively [208]. In addition,
the presence of sulfur in rubber can be identified by the presence of absorption bands at around
600 to 650 cm™ [209].
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Figure 5.7. FTIR spectra of rubber

5.2.4. Bubble size analysis of rhamnolipids

Fig 5.8 shows the effect of the rhamnolipid concentration and Ctr concentration upon the bubble
size of the produced foam. Bubble size diameters for Ctr microplastic particles are presented in
Appendix D. Table D.3. According to the graph in Fig 5.8a, when the Ccy in the ternary system
is 0 g/L, the variation in the bubble diameter has a decreasing tendency from 0.23 cm (Crvir = 0
g/L) to 0.065 cm (Crmrp = 2 g/L). This decreasing trend in the bubble size is also observed for all
three Ctr sizes when polymer was added to the system.
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Specifically, as illustrated in Fig 5.8b, when the smallest Ctr size of 53 um was present in the
liquid mixture, the bubble diameter experienced a reduction from 0.183 cm when the Crmip Was
0.5 g/L, to a size of 0.091 cm when the Crmer increased to 2 g/L. Similarly, as observed in Fig 5.8
¢, when the Ctr size was increased to 90 um, the bubble size showed a decreased, reaching a value
of 0.088 when 2 g/L of rhamnolipids were used. Finally in Fig 5.8d, the bubble size decrement
was also favored, when the Ctr size was 300 um. Here, the bubble diameter reached 0.172 cm
when the concentration of rhamnolipids is 0.5 g/L and 0.078 for a concentration of rhamnolipids
of 2 g/L.

Our findings indicate that with the addition of polymer solute to the system, one can observe a
reduction in the bubble diameter. Moreover, when the polymer concentration increases in a water-
polymer-biosurfactant system, the formation of smaller bubbles is exhibited. This behavior has
been also observed in a recent study in a water-polymer-surfactant system, in which a decay in the
foam, followed by bubble rupture, and a production of smaller bubbles were found with an
increment in the concentration of surfactant.
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The results of the investigation related to the size of bubbles in the rhamnolipids based-foam
support the conclusions of a recent study that explores bubble distribution and size in a polymer-
surfactant-water system [160]. The study revealed that introducing gas into the liquid phase led to
the production of larger bubbles at higher polymer concentrations when surfactant was absent.
However, higher polymer concentrations also caused a decay in the foam, resulting in the
generation of smaller-sized bubbles and increasing the gas-liquid area [160].

Multiple investigations suggest that the presence of smaller bubbles is the result of larger bubble
rupture induced by the viscosity of the aqueous solution [184]. Additionally, the study concluded
that adding surfactant to the ternary mixture enhances the gas-liquid interfacial area compared to
solutions that lack surfactant [184].

5.3. Conclusions

This study revealed the potential of rhamnolipids foam in removing Ctr microplastic particles in a
ternary system. The study revealed that the microplastic removal system can successfully remove
Ctr particles of sizes ranging from 53-300 um using foam from a biological source. Moreover, a
response surface method was developed for the removal of Ctr at various concentrations using
rhamnolipids. The model evaluated the performance of the response variable Ctr removal
efficiency based on the predictors rhamnolipid concentration, operating time, plastic size, and
plastic concentration. The model’s R? was 0.89. The parameters X1, X, X3, the interactions X1.Xa,
X1.X3, X2.X3, and the squared terms Xi2, X2?, were found significant with pValues of less than
0.05.

For the first time, research revealed that rhamnolipids based foam can remove various types of

materials in a ternary system. The investigation found that silicon dioxide, calcium carbonate, PET
and rubber particles were collected products in the removal process.
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6. Conclusions and recommendations

This research work studied the effect of microbial biosurfactant for the removal of microplastic
particles. Specifically, the potential of rhamnolipids biosurfactant was investigated for the removal
of polyethylene and car tire residue microplastic particles. The effect of the variables rhamnolipid
concentration, operating time, microplastic size, microplastic concentration, air flow rate, system
configuration and NaCl concentration on the microplastic removal efficiency was also reported.

On this basis, the following are the major findings of the present study:

e A microplastic removal unit was developed for a water-polymer-biosurfactant system. The
microplastic removal unit consists of four pieces of glassware: a round flask, a condenser
a filtration apparatus, and a recovery flask.

e Atwo-level factorial design with 24 data points was carried out to evaluate the performance
of the microplastic removal system. The independent factors studied in this investigation
were rhamnolipid concentration, PE concentration, operating time, air flow rate, NaCl
concentration and system configuration. PE removal efficiency was selected as the
response variable. A first order model was fitted with an R?of 0.92. The highest PE removal
efficiency for a PE size range of 40-48 um observed was 92.42% and the lowest recovery
was 12.41%.

e Through response surface methodology, the critical parameters that affect the PE removal
efficiency for a PE size range of 40-48 um were determined. The rhamnolipid
concentration and operating time were found to have a significant effect in the PE removal
efficiency of the ternary system.

e For a PE size range of 40-48 um, the results showed that a higher concentration of
rhamnolipids is characterized by lower bubble size throughout time along with high PE
removal. On the contrary, lower concentration of rhamnolipids led to a bigger size of the
bubbles and a lower recovery of microplastics. Among the independent variables, the factor
operating time and its interactions with both the rhamnolipid concentration and plastic size
variables were statistically significant at the 5% level.

e The microplastic removal system can successfully remove PE particles of sizes ranging
from 40-300 um using foam from a biological source.

e A response surface method that correlates 4 factors and 3 levels was developed for the
removal of PE at various concentrations using rhamnolipids. The model evaluated the
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performance of the response variable PE removal efficiency based on the predictors
rhamnolipid concentration, operating time, plastic size, and plastic concentration. The
model’s R2 was 0.82, which is a measurement of good fitting.

The microplastic removal system can successfully remove Ctr particles of sizes ranging
from 53-300 um using foam from a biological source.

A response surface method that correlates 4 factors and 3 levels was developed for the
removal of Ctr at various concentrations using rhamnolipids. The model evaluated the
performance of the response variable Ctr removal efficiency based on the predictors
rhamnolipid concentration, operating time, plastic size, and plastic concentration. The
model’s R2 was 0.89. The parameters X1, Xz, X3, the interactions X1.Xz, X1.X3, X2.X3, and
the squared terms Xi2, X»?, were found significant with pValues of less than 0.05.

Recommendations

It is recommended that future work further investigates the use of biological foam for the
capture and the removal of various types of microplastic particles.

It is recommended to investigate the use of rhamnolipids foam-based for the removal of
microplastic particles present in real-life water samples. It is anticipated that this will
provide a closer prediction of the removal efficiency of microplastic particles when using
the microplastic removal unit.

It is recommended to evaluate different biosurfactant types for the removal of PE and Ctr
microplastic particles using the microplastic removal unit.
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8. Appendices

Appendix A. Full factorial design for the investigation of PE removal efficiency

This appendix reports the PE removal efficiency (YY) for a full factorial design. The overall design
included the following factors rhamnolipid concentration (X1), operating time (X2), PE size (X3)
and PE concentration (Xa).

Table A. 1. Full factorial design matrix for PE removal efficiency using rhamnolipids biosurfactant

X1 X2 X3 X4 Y

4 36 300 2 49.01
4 36 300 1.5 49.15
4 36 300 1 50.12
4 36 125 2 75.08
4 36 125 1.5 76.9

4 36 125 1 77.47
4 36 53-59 2 78.21
4 36 53-59 1.5 80.34
4 36 53-59 1 85.18
4 24 300 2 29.65
4 24 300 1.5 46.37
4 24 300 1 48.08
4 24 125 2 61.65
4 24 125 1.5 64.9

4 24 125 1 66.95
4 24 53-59 2 77.32
4 24 53-59 1.5 79.63
4 24 53-59 1 81.32
4 12 300 2 22.81
4 12 300 1.5 24.43
4 12 300 1 28.94
4 12 125 2 21.34
4 12 125 1.5 25.93
4 12 125 1 30.1

4 12 53-59 2 29.14
4 12 53-59 1.5 33.36
4 12 53-59 1 35.17
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1.5 36 300 2 14.18
1.5 36 300 1.5 37.99
1.5 36 300 1 40.48
1.5 36 125 2 44.65
1.5 36 125 1.5 49.27
1.5 36 125 1 53.55
1.5 36 53-59 2 49.5
1.5 36 53-59 1.5 51.91
1.5 36 53-59 1 60.9
1.5 24 300 2 20.79
1.5 24 300 1.5 28.34
1.5 24 300 1 29.53
1.5 24 125 2 15.78
1.5 24 125 1.5 25.59
1.5 24 125 1 32.41
1.5 24 53-59 2 55.28
1.5 24 53-59 1.5 66.15
1.5 24 53-59 1 78.21
1.5 12 300 2 10.27
1.5 12 300 1.5 10.23
1.5 12 300 1 12.43
1.5 12 125 2 12.23
1.5 12 125 1.5 16.51
1.5 12 125 1 17.37
1.5 12 53-59 2 9.87
1.5 12 53-59 1.5 16.25
1.5 12 53-59 1 19.51
1 36 300 2 24.98
1 36 300 1.5 32.04
1 36 300 1 39.22
1 36 125 2 29.12
1 36 125 1.5 40.49
1 36 125 1 45.71
1 36 53-59 2 61.24
1 36 53-59 1.5 65.32
1 36 53-59 1 67.04
1 24 300 2 22.59
1 24 300 1.5 22.34
1 24 300 1 41.29
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1 24 125 2 13.85
1 24 125 1.5 16.21
1 24 125 1 194

1 24 53-59 2 27.41
1 24 53-59 1.5 32.05
1 24 53-59 1 42.76
1 12 300 2 27.45
1 12 300 1.5 28.32
1 12 300 1 29.82
1 12 125 2 30.32
1 12 125 1.5 35.62
1 12 125 1 36.24
1 12 53-59 2 13.45
1 12 53-59 1.5 15.79
1 12 53-59 1 19.55
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Appendix B. Full factorial design for the investigation of Ctr removal efficiency

This appendix reports the PE removal efficiency (YY) for a full factorial design. The overall design
included the following factors rhamnolipid concentration (Xz1), operating time (Xz), Ctr size (X3)
and Ctr concentration (Xa).

Table B. 1. Full factorial design matrix for PE removal efficiency using rhamnolipids biosurfactant

X1 X2 X3 X4 Y
4 36 300 2 35.23
4 36 300 1.5 37.81
4 36 300 1 40.64
4 36 90 2 63.76
4 36 90 1.5 63..47
4 36 90 1 70.91
4 36 53 2 68.32
4 36 53 1.5 76.21
4 36 53 1 78.59
4 24 300 2 25.04
4 24 300 1.5 29.21
4 24 300 1 33.47
4 24 90 2 61.53
4 24 90 1.5 67.28
4 24 90 1 68.36
4 24 53 2 71.78
4 24 53 1.5 12.47
4 24 53 1 74.57
4 12 300 2 10.81
4 12 300 1.5 13.84
4 12 300 1 14.27
4 12 90 2 16.69
4 12 90 1.5 21.74
4 12 90 1 23.73
4 12 53 2 26.34
4 12 53 1.5 29.17
4 12 53 1 30.99

1.5 36 300 2 29.45

1.5 36 300 1.5 30.21
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1.5 36 300 1 34.54
1.5 36 90 2 36.99
1.5 36 90 1.5 44.21
1.5 36 90 1 50.58
1.5 36 53 2 48.46
1.5 36 53 1.5 58.35
1.5 36 53 1 60.9
1.5 24 300 2 39.42
1.5 24 300 1.5 41.55
1.5 24 300 1 50.78
1.5 24 90 2 56.32
1.5 24 90 1.5 58.71
1.5 24 90 1 62.11
1.5 24 53 2 62.37
1.5 24 53 1.5 68.21
1.5 24 53 1 56.21
1.5 12 300 2 26.81
1.5 12 300 1.5 30.41
1.5 12 300 1 34.94
1.5 12 90 2 11.3
1.5 12 90 1.5 19.67
1.5 12 90 1 29.37
1.5 12 53 2 20.03
1.5 12 53 1.5 23.43
1.5 12 53 1 25.89
1 36 300 2 21.2
1 36 300 1.5 27.59
1 36 300 1 28.28
1 36 90 2 38.1
1 36 90 1.5 47.02
1 36 90 1 49.36
1 36 53 2 48.72
1 36 53 1.5 49.71
1 36 53 1 53.46
1 24 300 2 19.47
1 24 300 1.5 22.25
1 24 300 1 28.62
1 24 90 2 25.76
1 24 90 1.5 29.6
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1 24 90 1 31.84
1 24 53 2 35.52
1 24 53 1.5 38.62
1 24 53 1 40.96
1 12 300 2 10.19
1 12 300 1.5 12.83
1 12 300 1 15.79
1 12 90 2 17.01
1 12 90 1.5 19.32
1 12 90 1 20.11
1 12 53 2 20.19
1 12 53 1.5 20.85
1 12 53 1 21.29
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Appendix C. Car tire residue

An image of the Ctr microplastic product used for FTIR analysis is shown in Figure

300 microns

Figure C.1. Image of collected Car tire residue used for FTIR analysis
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Appendix D. Bubble sizes of rhamnolipids based-foam

This appendix reports the bubble size of bubble formulated in the microplastic removal from the
ternary mixture containing water, microplastic particles and rhamnolipids biosurfactant.

Table D. 1. Bubble diameter of rhamnolipids based-foam for the removal of PE as a function of time

Bubble diameter (cm) Time (min)  Rmlp (g/L)
0.414 20 1
2.343 40 1
0.276 20 5
0.930 40 5
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Table D. 2. Bubble diameter of rhamnolipids based-foam using various PE sizes and PE concentrations in the ternary

mixture

PE particle size (um) Crmip (g/L) Bubble Diameter (cm)
0 0.23
0.5 0.123
1 0.092
2 0.065
Crmep =CrE (g/L) Bubble Diameter (cm)
0 0.23
£3.50 0.5 0.165
0.101
2 0.086
Crmip =Cre (g/L) Bubble Diameter (cm)
0 0.23
125 0.5 0.123
1 0.092
2 0.04
Crmrp =Cre (g/L)
0 0.23
300 0.5 0.141
1 0.09
2 0.078
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Table D. 3. Bubble diameter of rhamnolipids based-foam using various Ctr sizes and Ctr concentrations in the ternary

mixture

Ctr particle size (um) Crumip (/L)

Bubble Diameter (cm)

0 0.23
0.5 0.123
1 0.092
2 0.065
Crmep =Cectr (/L) Bubble Diameter (cm)
0 0.23
53 0.5 0.183
1 0.121
2 0.091
Crmrp =Cectr (g/L) Bubble Diameter (cm)
0 0.23
90 0.5 0.181
1 0.093
2 0.088
Crmip =Cectr (g/L) Bubble Diameter (cm)
0 0.23
300 0.5 0.172
1 0.09
2 0.078
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